INTERMEDIATE 


PHYSICS 


HIGHER SECONDARY 
& 
INTERMEDIATE PHYSICS 


[ Also for Central Modern, Pre-Engineering, Pre- 
Professional and Higher Secondary Courses of Studies] 


BY 
NAGENDRA NATH BASU, M.Sc, 
Late Professor of Physics 
Ripon College, Calcutta. 
i AND 
JYOTIRMOY CHATTERJEE, M. Sc., 
Emeritus Professor of Physics 
Scottish Church College, Calcutta. 
| Also 
Honorary Professor of Physics 
Ramkrishna Vidyamandir, Belur. 
and sometime Professor of Physics 
Maharaja Manindra Chandra College — (as 


ED 
Part—I 


SILVER JUBILEE REPRINTED EDITION 


B. CHAND & SONS 
(EDUCATIONAL PUBLISHERS) i 
9/4, Patuatola Lane, Calentta-700 009. 


2 A 
Pas Pep optan SE M ee itt a 


Published by : 
Tapan Kumar Das 
for B. Chand & Sons 
9/4, Patuatola Lane, Calcutta-700 009. 


Rs. 50°00 only 
( Rupees fifty only ) 


Aee. no» —164 22 


(Part II—-Light, Magnetism and Electricity.) 


iN 


Printed by ; 
Amit Kumar Das 
| for Das Printers 
| : 123/1, A. P. C. Road, ` 
| Calcutta-700 005. 


PREFACE TO THE FIRST EDITION 


The book is written according to the Intermediate Syllabi of 
Physics of different Indian Universities. The book has a special 
recommendation, inasmuch as it is neither too bulky for a student 
of average merit, nor too meagre in its information for an inquisitive 
student. 


The subject matter herein has been treated in a systematic way 
and in a simple and clear style with ample illustrations and 
explanatory diagrams. A sufficient number of experiments, the 
end of each Chapter and Exercises containing Questions of different 
Universities with direct reference to the Articles form special 
features of the book. Numerous problems of different types put 
herein will make a student independent of any separate book on 
Examples. Articles marked with asterisks deal with more advanced - 
portions, and may, thetefore, be omitted at the first reading’ 


We take this opportunity to express our gratitude to Prof. 
Rajanikanta De, M.A., of the Scottish Church College, Calcutta, 
who has kindly given us permission to use some of the blocks 
prepared for his well-known books on Physics. 


Calcutta \ N. BASU 
June, 25, 1936 J. CHATTERJEE 


PREFACE TO THE SILVER JUBILEE EDITION 


In this Edition special attention has been given to include in its 
context the courses of studies prescribed by the different provincial 
Higher Secondary Boards as also the syllabus of the Central Modern 
Schools guided by the Education Department of the Government of 
Indian Republic. I had an opportunity of going through some __ 
books recommended in various Engineering Schools and Military 
Academies and I have attempted to include in this Book almost all 
the topies in those syllabi. . 


Although teaching in provincial languages has deepened its root 
almost every where and books in different provincial languages with 
slightly different syllabi have been published catering the need of 
the students, it has one advantage that the students can more easily 
grasp the idea without having any difficulty of a foreign language. 
But the authors of books on regional languages have been content 
just to include the particular courses of studies recommended in their 
respective provinces. Asa result they have not been able to treat the 
whole subject systematically in such a small compass to the entire 
satisfaction of teachers as also to arouse the interest of the students. 
I should not be misunderstood to have blamed the authors.  They-- 
have been compelled to write strictly according to syllabus and 
within page limit. 

In conclusion, I may make a modest statement that in view of 
higher studies particularly in Sciences, we have still to depend upon 


(iv) 


books and periodicals written in western languages and if we” 
have to choose ae one of such Janguages, it is definitely English. 
With such intent and putpose I have thoroughly revised the Book, 
included some new topics as Vectors, Kinetic theory of gases, Physical ^ 
optics and a little of nuclear Physics. I have tried to correct printing - 
mistakes to the best of my ability and included a few more solved: 
examples. 


J. CHATTERJEE | 


PREFACE TO THE REPRINTED SILVER JUBILEE EDITION 


The number of Editions are the passing phases of a book which f 
may speak of itself. I should feel obliged to get any suggestion and. : 
criticism of my venture. Hearty thanks to inmmerable Colleagues” 
and students who have always partonised my efforts. I convery my | 
best regards to B. Chand & Sons for their co-operation in publishing — 
this book. E 


Sree Panchami } J. CHATTERJEE © 
February 3, 1987 q 
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GENERAL PHYSICS 


CHAPTER I 
UNITS AND MEASUREMENTS 


1. Knowledge got through Sense Organs—Senses of touch, 
smell, sight, taste and sound are the chief sources through 
which we gain experiences of things around us. On looking 
at an object, we get an idea of its size, shape and colour; and 
so the eye is the agent to give some idea of the object. We can 
feel with our fingers whether an object is hard or soft, hot or 
cold, and such experiences as these we get by our sense of 
touch. Ina similar way, the use of various organs of our 
system gives us some knowledge regarding the nature and beha- 
viour of the material objects. A 


In childhood our senses remain undeveloped. As we advance 
in years, senses become more and more developed giving us a 
deeper insight of things and events. Thus, with time passing on, 
the experiences gained by us are utilised in making further 
studies of material objects and their behaviour. 


2. Natural Sciences—The word Science means a know- 
ledge acquired after a careful observation and reasoning. In 
earlier days Physical Sciences comprised the study of the whole 
of natural phenomena and were therefore termed Natural 
Philosophy. It thus included subjects like Physics, Astronomy, 
Zoology, Botany, Chemistry, Geology, etc. But with time 
advancing as these subjects grew more extensive, Physical 
Sciences were subdivided and each one became a separate 
subject for study. The branch of Physics now deals with a 
detailed study of the properties of Matter and Energy and their 
interactions with each other. 


Matter is that which occupies some space and which we can 
feel by our senses. It may exist in any of the three forms,— 
solid, liquid and gaseous. ‘Thus a piece of iron, a quantity of 
water or air is each an example of matter.’ Energy is that, which 
an agent or à material system must possess, in order to be able 
to do some work. Under suitable conditions work can be 
obtained from energy,—energy being the cause and work being 
the effect. When a material body moves, we can utilise its 
motion to do some work ; for example, work is done in the 
transport of luggages by a motor car. Hence, a moving car. 
possesses energy. More about work and energy would be dis- 
cussed in Chapter V of General Physics of this volume. 


Pt. I/G—1. 
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Subdivisions of Physies—There are six principal forms in 
which energy becomes apparent to us; namely, elasticity 
and gravitation, heat, light, sound, ‘magnetism and electricity. 
These are separately studied in the following six branches 
of Physics :—General Physics [including gravitation and proper 
ties of matter], Heat, Light, Sound, Magnetism and Electricity. 


3. Measurements and their utility—Although by direct 
observation of sight, touch, etc., we may estimate some proper- 
ty of material bodies, such an estimate is rough or even some- 
times erroneous. For example everybody can say that an ave- 
rage football is bigger than a cricket ball; but it may be diffi- 
cult to say all at once which of the two is bigger,—a hockey 
pall or a cricket ball. The sun andthe moon appear to be 
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Fig. 1 Fig. 2 Fig. 3. 


nearly of same size, although we know that the former is many 
thousand times larger than the latter. A range of hills sometimes 
seems to an observer to be within half-an-hour's walk, but 
actually it may be far beyond that. In Fig. 1, two straight lines 
are perpendicular to each other. Which appears longer to you ? 
Most probably the vertical line appears longer. But on measure- 
ment you will find that they are equal in length. The horizontal 
lines in Fig. 2 may not appear parallel to you ; but they are 
actually parallel lines. The quadrilateral in Fig. 3 appears to 
have the left base corner angle slightly acute. Place a set square 
and see that it is a right angle. These illustrations suggest that 
without the help of the measuring instruments, we are liable to 
make mistakes in our estimations. 


4. Units of Measurements—We acquire knowledge about 
natural laws through measurement of certain quantities. These 
quantities are mainly length, mass and time. In measuring any 
of these quantities, some definite and convenient quantity of the 
same kind is taken as the standard, in terms of which the quan- 
tity asa whole is estimated. This is called the unit for that 
particular quantity. The number of times the unit is contained 
in the quantity is called the numerical measure of that quantity. 
Thus when we say- that a rod is 3 feet long, we mean that a 
certain length, called the foot, has been taken as the unit O 
measurement and the number of this unit contained in the length 
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of the rod is 3. Hence the numerical measure is 3 and the unit 
of length is a foot. The mass is a measure of the quantity of 
matter in a body. 


Fundamenta] and Derived Units—Different units are to be 
chosen for measuring different kinds of physical quantities and 
So there would be as many kinds of units as there are types of 
physical quantites. It has been found that the units of Length, 
Mass and Time are found to be independent of each other and 
are, therefore, called fundamental units. The units of all other 
quantities can be expressed. in terms of the fundamental units 
and hence they are called derived units. Thus a unit of area is 
the area of a square, each side of which is of unit length ; a unit 
volume is the volume of a cube, each side being of unit length, 
So the unit of area and that of volume are derived from the 
units of length. It is found that the derived units bear a 
simple relation to the fundamental units, 


Systems of Units—In all measurements, two systems of 
units are generally used, namely (1) the British or the foot- 
pound-second system ( F. P. S. system ), and (2) the French 
or metric or the centimetre-gramme-second system (C. G. 
S. system). The units of length and mass on the British system 
are respectively the foot and the pound, and on the metric 
system they are respectively the centimetre and the gramme. 
'The unit of time is the second in both the systems. There is 
a modified metric system, known as M. K. S.. (metre-kilogram- 
second), which is now gaining popularity. 


5. Unitsof Length—The standard unit of length in the 
F. P. S. system is the British Imperial Yard. The yard is defined 
by an Act of British Parliament as the straight line or the 
distance between the centres of two transverse lines on two 
gold plugs on a bronze bar kept at a temperature of 62°F. 
This standard is kept at the Office of the Board of Trade, 
England. The usual unit of length on this system is, however, 
a foot. The following are the multiples and submultiples of a 
foot.— 


12" (inches)—1' (foot or ft.) ; 220 yd.—1 furlong ; 
3 feet =1 yard (yd.) ; 1760 yd.—1 mile ; 
6 feet =1 fathom ; 6080 ft.—1 knot, 


The standard unit of length on the C. G. S. system, called 
the International Prototype Metre, is now conveniently defined 
as the distance between the ends of a certain rod of platinum- 
iridium preserved at the International Bureau of Weights and 
Measures at Sev’res near Paris, at a temperature of O°C. The 
usual unit of length on this system is the centimetre. 
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The following are the submultiples and multiples of a metre :— 
10 millimetres (mm.)=1 centimetre (cm.) ; 
10 centimetres (cm.)=1 decimetre (dm.) ; 
10 decimetres (dm.)—1 metre (m.) ; 
1000 metres (m.) =1 kilometre (km.). 
Relation between the units of length on the two systems :— 


1 inch —2:54 pM 1 kilometre —0'6213 mile. 
1 metre —39:37in.[ 100 metres —109:36 yards. 


Units of Area and Volume are derived form the units of 
length. The unit of area on the F. P. S. system is one square foot 
and that on the C. G. S. system is one square centimetre. The 
volume of a body is the space occupied by it. The unit of 
volume on the F. P. S. system is a cubic foot (cu. ft.) and that 
onthe C. G. S. system it is one cubic centimetre (c.c.). As 
measures of capacity for liquids the units of volume on the 
two systems are respectively a gallon and a litre. A gailon 
equal to the volume of 10 Ib. (avoir.) of distilled water at 62°F, 
while one litre is equal in volume to 1000 cubic centimetres 
of pure water at 4°C. 1 gallon equals 4:54 litres. One cubic 
centimetre is sometimes called a milli-litre. 


6. Units of Mass—The standard unit of mass on the F. P. S. 
system is the Pound Avoirdupois. It is defined to be the mass of 
a certain lump of platinum marked *P.S. 1844, 1 Ib." and is 
preserved at the Office of the Board of Trade, England. 


The standard unit of mass on the C. G. S. system is the kilo- 
gramme. It is now defined to be the mass of certain cylinder of 
platinum-iridium, preserved in the Archives at International 
Bureau of Weights and , Measures at Sev’res near Paris. The 
-unit of mass usually adopted is gramme (or gram) which is one- 
thousandth part of the standard kilogramme. For practical 
purposes, one gram may be taken to be equal to the mass of 
one cubic centimetre of pure water at 4°C. 

Submulitples and multiples of a Pound :— 

16 drams = 1 ounce (oz.) ; 16 ounces=1 Pound (Ib.) ; 

28 pounds +1 quarter (qr.) ; 4quarters= 1 hundred weight (cwt.) ; 
20 cwt=1 Ton= 2240 Ibs. ! 


Submultiples and multiples of a gramme :— 

1 gram (gm.) = 100 centigrams = 1000 milligrams (mg.) ; 
1 kilogram (kg.) - 1000 grams. 100 kg. — 1 Quintal ; 
10 Quintals - 1 Metric Tonne. 
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Relation between the units of mass on the two systems :— 
1 grain=0:0648 gram . ; 1 gram — 15:432 grains ; 
1 pound —453:56 grams ; 1 kilogram — 22047 pounds ; 
1 Metric Tonne=2204-7 lbs=0°98 Ton. 
1 Indian Tola—12 grams—185:18 grains. 


Examples : 
1, The Nanda Devi, the highest mountain peak in Indian Republic, 
is 25,660 ft. in height. Express the altitude in miles and kilometres. 


Ans. Since 1760 yds. =5280 ft. 1 mile... 1 ft. =- "e 
25660., i i 
25660. ft. 555 miles=4'8598 miles, 


1 
Again, since 39:37 in, =3°2808 ft,=1 metre, .'. 1 ft.— 5808 metre. 


, 26000 | my 
25000 ft. 52808 m. =7821:3' m.=7'8213 IRR 
2. Madhya Pradesh is tho largest State of India with an area of 
131,686 sq, miles. Express the figure in sq. kilometres. 
Ans. Sineolinchz2:54 em.,30 in=1 yd,=91'44 em.-—0:0144 metre 
and so 1760 yd. = 1 mile (1760 x:9144) m. =1609:3 m=1-6093 km. 


Thus 1 sq. mile=1 mile x 1 milez (1:0093 x 1:6093) sq. km. =25898 sq. 


131686 sq. miles 2 (131080 x 2:5898) sq. km.=341040 sq. km. 
3. The capacity of a certain flask is found to be 10) litres. What 
would be its capacity in gallons ? 


Ans. We have 4:54 litros 1 gallon, or 1 litre= is à gallon. 


E ^ gallons—2:2 gallons, 

7. Unit of Time— Time is an entity by which we differentiate 
between past, present and future. The time interval between the 
sun-rise of yesterday and that of today is called one day. The 
length of such solar days varies continuously throughout a year 
which consists of 365} days. If the periods of the solar days 
in a year be added together and the sum be. divided by the 
total number of days in a year, we obtain an. interval of time, 
which. is called the mean solar day. The mean solar day 
is divided into 24 hours, each hour. into 60 minutes and each 
minute into 60 seconds..The unit of time on both the systems 
is the mean solar second, which is thus 86,400th part of a mean 
solar day. Our clocks, watches and chronometers keep mean 
solar time. Accurate Astronomical observations have proved 
that the period of solar year is slightly changing year to year 
by a small fraction of a second. So the tropical year 1900 was 
taken as the standard year from which the mean solar second 


was derived. 


10 litres= 
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The interval of time, that elapses between two successive 
transits of any fixed star across the meridian of a place, is found | 
to.be a constant and is called the sidereal day. The sidereal | 
day is about four minutes shorter than the mean solar day. 


8. Measurement of Length—For practical purposes, dis- 
tances from several thousand miles to a very small fraction of 
a centimetres are to be measured accurately. A particular type 
of measuring instrument is suitable and convenient for any 
particular range of length. Only the general principle of the 
working of the instruments will be dealt with in this book. (For 
experimental details of the various apparatus, the readers are 
referred to the Intermediate Practical Physics by J. Chatterjee). 
The different appliances, generally used for the measurement 
of length, are the following : 


(i Metre Scale—It is usually made of box-wood or steel 
with one edge generally graduated.in inches and the other in 
centimetres (Fig. 4). The graduations on the upper side are in 


Fig. 4—Metre Scale 


inches and those on the lower side are in centimetres. The inch 
scale is as shown, further subdivided into 10 equal parts so that 
the distance between any two consecutive small marks on the 
upper side is 0:1 inch. Some inch scales are subdivided into 
ior dy inch. The centimetre scale also is divided into 10 equal 
parts, giving each small division in millimetre. 


In measuring the length of an object, the scale is placed 
directly alongside the object, so that one of the graduations 
coincides exactly.with one end of the object and the length is 
then read off from the graduation of the scale coinciding with 
the other end. If this end does not coincide with any one divi- 
sion, the fraction of a scale division is ascertained by eye 
estimation. In measuring a length, the ends of the metre scale 
should be avoided as far as possible, since they wear out and 
bocome rounded with continued handling. 


(ii) Measuring Chain—It is used for longer distances or for 
measuring distance along curved lines. A chain consists of 
inter-connected steel rods, each one foot long, so as to make 
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a total length of 60 to 100 ft. When not in use, a chain can be 
folded and bunched [Fig. 5(a)]. To measure a distance the 
starting end of the chain is fixed to a pin P [shown in a bundle 
in Fig. 5(b)] and the chain is made straight, so that it does not 


(a) (b) 


Fig. 5— Measuring Chain Fig. 6— Simplo Callipers 


bend or sag anywhere along its length. The other end is fixed 
to another pin P, so that distance between these two points is 
equal to the length of the chain. In this way, the entire distance 
is measured chain after chain. It is widely used is surveying 
lands. á 


(ii) Simple Callipers—It consists of two curved pieces of 
metal, hinged like a pair of scissors (Fig. 6). It can be used for 
measuring the internal and. the external diameters of pipes, 
hollow vessels, etc., the upper pair of legs being designed for 
external diameter and the lower pair for internal diameter. 


(iv) Diagonal Seale—The accuracy of reading a fraction 
ofa millimetre or an inch is very much hampered by eye- 
estimation, since different persons might guess different fractions 
for the same length. To reduce this uncertainty, modified 
centimetre or inch scales, known as diagonal scales, may be 
used. 


Fig. 7 represents an inch diagonal scale engraved on a 
rectangular metal sheet. The usual inch graduation being from 
the zero of the bottom line to the right. The width FW of the 
scale is divided into 10 equal parts by horizontal lines. There 
is also an inch extension to the left of the zero line subdivided 
into 10 equal parts at the top and the bottom. As shown in 
the diagram, the subdivisions are connected by a series of 
parallel oblique straight lines, These straight lines are generally 
known as diagonal lines whence the name of the scale is derived, 
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Each subdivision of the extension inch evidently represents 
0:1 inch. So lengths correct to first place of decimal can be 
directly read from the scale. Moreover, the device of the diago- 
nal lines enables us to find out the length correct to the second 
decimal place of an inch. If we consider the geometry of these 
lines, we find that the junctions of a particular diagonal with the 
horizontal lines are successively displaced by one-tenth of 0'1 inch 


that is, by 0'01 inch. 
Thus with the help of 
this diagonal lines, it is 
possible to estimate 
correctly the length 
in inches up to the 


second place of deci- Fig 7—Diagonal Scale. 
mals. As an an example, let a rod MR be taken. From a preli- 
minary measurement, it is found to be a bit longer than ohh 
To find the length, its one end is made to coincide with the 
2-inch graduation of the scale and the other end is allowed to 
extend beyond the zero mark. It is actually found to extend 
even ‘slightly beyond the third subdivision of the extension 
inch. So its actual length is a bit more than 2'3". To get 
the second place of decimals, MR is bodily slided parallel to 
the side of the scale, always keeping one end on the 2-inch 
graduation line. Now, the position of coincidence of the other 
end with a particular junction of the fourth diagonal lines is 
noted. It is actually the 8th junction from the bottom. As each 
junction corresponds to a displacement of 0:01 inch, the frac- 
tional part in the second decimal place is 8x0:01^ - 0-08". So 
the total length of MR is 2°38” correct to second decimal 
place. Similarly, ST represents a length of 1-13". Thus the 
, uncertainties of eye-estimation are almost eliminated. 


The Vernier—This is so named after its inventor Pierre 
Vernier, a. seventeenth-century French mathematician. It 
consists of a short auxiliary scale V called the vernier scale, 
which can slide along the edge of the main scale M 
(Fig. 8) whereby lengths can 
be determined correct to some M 
particular fraction of the unit 
on the main scale. The gradua- 
tions on the main and the ver- 
nier scales are so designed that à 
a certain number of divisions of Fi 4 
the vernier scale say n are made Vino a 


coincident with n— 1 or n4 1 number of divisions of the main 
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scale. The vernier is then capable of being read with an. accu- 
racy of 1/n of the main scale division. In Fig. 8, 10 divisions of 
the vernier scale are equal to 9 divisions of the main scale. The 
smallest measurable distance with such a scale is called the 
vernier constant. The ordinary vernier scales are designed to 
measure up to one-tenth part of a millimetre. To measure 
small angles circular verniers also are constructed on the same 
principle. 


(v) Vernier Callipers—The principle of vernier scale is 
utilised in a slide callipers, also called a vernier callipers. It 
consists of a thin steel scale with a jaw fixed at one end at right 
angles to its length (Fig. 9), while the other jaw is movable 
along the scale and can be fixed to any position by a screw. 
The movable jaw carries two vernier scales, one on each side, 
sliding over the graduations on the steel bar: When the two jaws 
are brought in contact, the zero of the vernier should ordinarily 
coincide with the zero of the main scale, so that when the jaws 
are separated, the distance between them is directly read. from 

the two scales. The ob- 
.ject, whose. length is to 
` be measured, is placed 
between the jaws, with 
one end against the fixed 
jaw, while the movable 
jaw is brought just in 
contact with the other 
end. The reading is taken 
in the usual way from 

: the main and the ` vernier 
Fig. 9— Vornier Callipers scales. If the vernier zero 

stands after the mth divi- 

sion of the main scale and if the rth division of the vernier 
is found to be in line with a main scale graduation, the length 
of the object is (m+ry) in proper units, where y represets 
the vernier constant. Vernier callipers may be used to measure 
a length correct to one-tenth or one-fiftieth part ofa millimetre. 
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vi) Micrometer Screw Gauge—It is used for measuring accu- 
me very short lengths. It consists of a U-shaped body F of 


Fig. 10—Serew Gauge Fig. 11 —Spherometer 


solid metal, one arm of which carries a fixed abutment A 
(Fig. 10) with a carefully planed surface. To the other arm is 
attached a hollow cylinder having a straight scale S in milli- 
metres etched on it, which is known as the pitch scale. Inside 
the hollow cylinder moves an accurate screw, the pitch of which 
is usually 0:5 mm. The head H of the screw carries a cap 
whereby the cylinder is rotated. The bevelled edge C of the 
cylinder is provided with a circular scale with 50 or 100 equal 
divisions engraved round it. The shortest distance measurable 
with a screw gauge, known as least count of the micrometer, is 
usually ‘001 cm. 


To make any measurement (say, to find the diameter of a 
wire), place the wire within the space AB and move the cylinder 
so that the opposite ends of the section of the wire (represented 
by the circular section) are just touched. Now take the reading 
of the straight scale; call itm. Also take the reading of the 
circular head against the straight scale ; call itr. Thus, if v be 
the least count of the micrometer, the diameter of the wire is 
m+ry in proper units. ^ 


(vii) Spherometer—This instrument also works on the 
principle of a micrometer screw. It is generally used for measur- 
ing the thickness of a plate and for determining the radius of 
curvature of a spherical surface. It consists of metal framework, 
supported on three fixed legs (Fig. 11) of equal length. Through 
the centre of the frame a fine screw works which terminates at 
the top ina milled head M with a large graduated circular disc 
C. The lower end T of this screw forms the central leg of the 
instrument. A small vertical scale S is fixed at one end of the 
frame with its graduations close to those on the disc. This 
scale is usually graduated in half-millimetres, while the edge of 
the circular disc is divided into a large number of equal divisions, 
the number being usually either 50 or 100. 
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To start an experiment with the spherometer, the pitch of 
the screw carrying the circular scale is first determined, whence 
the least count of the instrument is found. It is then placed 
upon the glass plate known as the base plate and the usual 
reading is then taken. The plate, whose thickness is to be 
measured, is. placed on the base plate and the central screw is 
made to touch the upper surface of the plate. Another reading 
is then taken. The difference of the two readings gives the 
thickness of the plate. Spherometers of high precision may be 
used to measure a thickness accurately up to a thousandth part 
of millimetre. 


Measurement of Radius of Curvature—The instrument may 
also be used to measure the radius of curvature of a spherical 
surface. The following is the procedure: The spherometer is 
placed on a plane sheet of glass and the milled head is turned, 
so that the central screw just touches the surface. Now the 
reading of the spherometer is taken. Let the reading be e. The 
central screw is then raised up, if necessary, and the spherometer 
is placed on the spherical surface such that the fixed legs rest 
on this surface. The screw is then turned down slowly so as to 
touch the spherical surface. Let the reading of the sphero- 
meter at this position be b. Then the difference of readings of 
the spherometer at these two positions is b~ e=h, say. 


Next the central screw is raised up and the spherometer is 
placed on a piece of white paper and is slightly pressed. Three 
dots corresponding to fixed legs are imprinted on the paper. 
The distance between the dots are measured with a pair of 
dividers and the metre scale or more accurately with vernier 
microscope. The mean value of such distances is found. Let 
it bec. Then the radius of curvature R of the spherical surface 
is given by the expression : 


Proof—Imagine a plane to pass through the tips A, B and C 
of the spherometer legs when placed on the spherical surface. 
This plane cuts the spherical surface in a circular section ABPC 
having O as its centre (Fig. 12). The point O may be obtained 
by producing the direction ofthe central screw so as to cut 
the circular section. Since the fixed legs are equidistant, A ABC 
is equilateral and Z BAC=60°. Again arc ABP—arc ACP, being 
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each a semicircle and arc AB—arc AC, standing on equal 
chords. Therefore arc PC—arc PB and / PAC— / PAB=30°. 


Now from the rt.- 
Zed. AACP, AC—AP 
cos 30°=2A0 cos 30°. If 
AO=a, 


AC AC 
4—2 cos 30° V3 
c 

Wey 


Imagine another verti- 
cal circle to pass through 
the points A which is one leg-tip of the spherometer, and E 
which is the point of the central screw on the spherical surface. 
The part of the circle, will pass through the point P and the 
part of this circle lying beyond the actual spherical surface, is 
Shown. by. the dotted line. (Fig. 13). The radius of this circle 
is evidently the radius of curvature of the spherical surface. The 
screw of the spherometer moves along EO. The length EO 
represents the depth of the plane ABC below the point E and 
is thus the difference of readings of the spherometer on a plate 
glass and the spherical surface, which ish. The line EO being 
produced passes through the centre S of the circle PEAG. Now 
since the diameter EG and. the chord AP intersect at right 
angles, elementary geometry leads to, 

EOxOG=AOXxOP, or, EOx(EG —OE)=AOxOP 
HORSA aa ehn Baen RUN 
h( =a =3 > whence soh 26h 72 


Thus by measuring A and c or a, the radius of curvature R 
may be experimentally determined. 


Fig. 12 Fig. 13 


Example : 


The fixed legs of a spheromoter are at the corners of an equilateral 
triangle of 4 em. side. When adjusted on the surface of a spherical mir- 
ror, the instrument reads 1:500 mm. Find the radius of curvature of the 
mirror taking zero error of the insbrument to be zero. Prove the formula 
you use. y; [U. P. B.— 1951] 

Ans. The distance e between the fixed logs=4 cm, The height or 
depth h of the spherical surface abovo or below the level of the fixed legs 
as obtained with the central serow head —1:6  mm.—0:15 em. Hence by 
the expression for the radius of curvature 

c? h ( 42 


"15 
Resta antar) cm:=17:85 em. 
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1609; Measurement of Area—The measurement of an area 
involves two linear measurements. 


Area of Regular Geometric Surfaces—Areas of regular sur- 
faces can be obtained from the following relations : 


Area of a Rectangle =length x breadth ; 
» » | Square = (length)? 
» >» Triangle =4 base xaltitude ;: j 


» » Trapezium =4x(sum of parallel sides) x altitude 

» » Parallelogram=one side as base altitude, i.e., 
perpendicular distance between 
that side and the opposite one ; 


Lr ts Cree =m x (radius)? ; 

„ „ an Ellipse —sxsemi-major axis xsemi-minor axis; 
3/4, ta Sphere =4n X (radius)? ; 

» » Cylinder ^ =x diameter xlength. 


Suppose that you are required to measure the ‘surface area of 
a réctangular metal sheet. First measure the length of the sheet 
a number of times by any suitable apparatus and find the mean 
length. ‘Let it be x cm. Then measure the breadth of the sheet 
in a similar way. Let the mean breadth be y cm. Then the area 
of the sheet is xxy sq. cm. If, however, you are supplied with 
a circular sheet, measure the diameter of the circle at several 
regions and find the mean diameter. Half of the mean diameter 
is the mean radius ( say, r cm.). Then the area of the circular 
sheet is 3'14x r? sq. cm. (as 7=3'14). 


Area of Irregular Surfaces—The area of an irregular sür- 
face may be obtained by dividing the surface into suitable areas 
in the form of triangles, rectangles or circles and then by adding 
up the calculated areas of the parts. 


By Squared Paper—The area of a small irregular surface may 
be determined by placing it on a piece of squared paper, tracing 
the outline and counting the number of small squares included 
within its boundary. If half or more than half of a square lies 
inside the surface, it is taken as one whole arid if more than 
half lies outside, that one is neglected. The area of each square 
being known that of the required surface is readily obtained. 


An irregular figure has been traced out ona graph paper 


Ma 
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(Fig. 14). To find its area, it is divided into as many rectangular 
figures as possible, e.g., Nue : E 
PQRS and ABDC. The 
remaining irregular regi- 
ons, such as APR, SBQ, 
BXD, DYC and CZA toge- 
ther with the two rectan- 
gular parts make up the 
area of irregular figure. 
Now the area PQSR=55 
squares. Similarly, area 
ABDC=224 small squares ; 
part APR=12, QSB=6, 
BXD=25, CYD=31, CZA 
=17. Hence, the total 
area is the algebraic sum 
of the number of squares, 
ie. 370. If the area of Fig. 14—Measurement of Area 
each small square be one sq. mm., the total area of the given 
figure is very nearly 370 sq. mm. 

The area of any extended surface, e.g., that of a country, 
can be determined on this principle by drawing to a scale a map 
of its boundary on a piece of squared paper. The usual method 
of measuring the area of large tracts of land is by Trigonometri- 
cal survey (vide J. Chatterjee’s Intermediate Practical Physics). 

10. Measurement of Volume—The volume of a solid of any 
form can be deter- 
mined by the 
following appara- 
tus : 


The volume of 
a liquid can be 
measured with a 
graduated cylinder 
or flask. Fig. 15 
(a) and (b) repre- 
sent two types of 
cylinders graduated 
in cubic centi- 
metres. Fig. 16 is 
a flask, the capa- 
city of which is 
marked on its body. 
The liquid is poured 
into the cylinder 


and the upper sur- > Crane} 
face of the liquid Gay. (b) 
is read. This gives Fig. 15 Fig.16 ^ Fig.17 


the volume of the liquid in units marked on the vessel. Fig. 17 
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shows a burrette and is used when small volume of liquid is 
transferred from it. 


Volume of Irregular Solid—The volume of a small piece of 
solid, irregular or regular, can be determined as noted below,— 


By Displacement of Liquid—A liquid, which does not 
corrode or dissolve the solid, is taken in a graduated cylinder 
(Fig. 18) and the position on the liquid level is carefully noted. 
Suppose that the original level is at A. The solid is then com- 
pletely immersed in the liquid when the level of the liquid is 
found to rise. The position of meniscus is noted again. Suppose 
that the new level is at B. The difference of the two readings 
gives the volume of the solid. 


By Weighing—The volume of a solid can be determined 
by a method based on the principle of Archimedes. (Vide 
Chap. IX): 


Volnme of a Parallelopiped —length x breadth x height ; 


PR Cube —(length)? 

jst tee Cylinder —(area of one end) xlength ; 

is Sphere =4n (radius)? ; 
apio o. Pyramid or Cone—4 x (area of base) x (vertical 
length). 
11. Measure- 
ment of Mass 
—The mass 


of a body can 
be determined 
by weighing in 
abalance. 
Everybody has 
seen a grocer's 
balance and 
knows how he 
uses it in weigh- 
ing a  subs- 
tance. It con- 

Fig. 18 Fig. 19— Physical Balance sists of a strai- 
ght uniform rod called the beam, from the ends of which two 
identical pans are suspended. The beam is pivoted at its middle 
point, so that with empty pans, the beam remains horizontal 
when suspended. The substance to be weighed is placed on one 
pan and standard weights are placed on trial on the other pan 
till the beam becomes horizontal. Then the total mass of the 
weights is equal to the mass of the substance. Such a balance 
is not, however, sensitive to very light objects. 
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Common Balance—The common balance is a contrivance 
for comparing the masses of different bodies. The masses, which 
are used as standards of reference, are called ‘weights’. The 
essential parts of a common balance are (Fig. 19): 


(1) The beam B—It is a horizontal metal rod, which is 
capable of turning freely about a sharp steel or agate knife-edge 
F at the middle and is called the fulcrum. To minimise friction 
the sharp end of the knife-edge rests on a small plate of steel 
or agate, At the ends of the beam two similar agate knife-edges 
are attached with their sharp edges pointing upwards. 


(2) The stirrups or pan supporters TT—These rest on the 
terminal knife-edges. In the better type of balances, these are 
provided with agate pieces attached to the lower side of the 
stirrups. Each stirrup carries a hook from which the pan is 
suspended. The distance from the fulcrum to the centre of 
gravity of the stirrup is called the arm of the balance. The 
arms are equal in length. 


(3) The scale pans SS, on which standard ‘weights’ and 
bodies to be weighed, are placed. 


(4) The pillar D supports the beam when at rest— 


The pillar is a vertical rod which can be raised or lowered 
by a key K at the base, whenever required. The pillar has an 
ae plate at the top upon which the central knife-edge of the 

eam rests. 


(5) The pointer P—This is rigidly fixed vertically to the 
middle part of the beam. When the beam swings, its lower end 
moves freely over a graduated scale G attached to the bottom 
of the pillar. But when the beam is horizontal, the pointer 
UMS vertical and its lower end points the zero mark of the 
Scale. 

(6) The arresting arrangement AA—When the balance 
is not in use, the pillar supporting the beam is lowered, so that 
the beam rests on another support and the under-surfaces of 
the pans just touch the base board. Thus the knife-edge at the 
centre of the beam does not always rest on the agate plate and 
so its sharpness is preserved. : 


At each end of the beam there is a nut working in a-screw. 
By displacing the position of the nut the effective weight on 
each side can be altered through a. small range. The base of 
the instrument is provided with levelling screws, whereby the 
pillar is made vertical. The plumb line L indicates the correct 
adjustment. Weight Boxes with standard weights are supplied 
for weighing. A delicate balance for finer weighing has various 
other parts and is always kept within a glass case to prevent 
blast of air causing disturbances during an operation of 
weighing. 
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After a preliminary. checking of the balance the beam is 
placed on its support by the key. The body, whose mass is to 
be found, is placed on tlie left pan and some ‘weight’ from. the 
balance box is taken up by the forceps and placed on the right 
pan to counterpoise the body. The beam is raised up and the 
inclination of the pointer is observed. If the *weight" appears to 
be too heavy, the beam is lowered and a smaller ‘weight’ is 
replaced. Again the beam is raised up and inclination of the 
pointer is marked. By repeated trials, certain ‘weights’ are 
placed on the pan, when on raising the balance beam, the 
pointer oscillate equally about the zero position of the scale or 
it rests vertically downwards. The mass of the ‘weights? placed 
on the pan is then equal to the mass of the body. [For further 
details regarding a balance and weighing, vide Chap. IV]. 


12. Measurement of Time—The earliest method of reckoning 
the. hours of the day was done by means of the sun-dial. Water. 
clocks and sand-glasses were in use long ago. AS such time mea- 
surers are out of date, these are only of historical importance; 


In 1583 Galileo discovered that the time of oscillation of a 
pendulum of a:given length is always constant (Chap. IV) and in 
1656, Huygens first used the pendulum to tegulate the motion 
of clocks. The measurement of time is now’ generally done by 
watches and clocks. The first use of the coiled hair-spring in 
watches is credited to Robert Hooke in 1660. A ‘chronometer 
is a watch specially constructed so as to keep time with perfect 
regularity. A stop-clock is'a type of watch which can measure 
seconds accurately and which can be ) 
started or stopped whenever desired. A | C) 
Stop-watch, constructed on the same prin- "s 
ciple, isa better precision instrument Drs 
(Fig. 20) capable of measuring one-fifth A 
orone-tenth part of a second. The metro- 
nome is a mechanism, run by clock-work 
and is used to mark time at regular inter- 
vals. (Vide J, Chatterjee's Intermediate 
Practical Physics.) : 


A reed or thin metal strip can vibrate SSE 
a large number of times per “second and. M 
the period of a single vibration is quite 
uniform. The vibration of a reed can be 
utilised to measure an interval as small 
as one-hundredth or one-thousandth part 
of a second. In recent times scien- 
tists have found that even one-thousandth’ part of a second is 
quite a large interval in comparison to the quickness of action 
ofa few electrical apparatus such as a radio, radar, etc., To 


Pt. I/G—2 


. Fig. 20 - Stop-watch 
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keep pace with such apparatus, electrical instruments have been 
devised which can measure one-millionth part of a second with 
sufficient accuracy. (Vide part on Electricity.) 

13. Units ofAngle— 


SPA a 2p The idea of an angle is 
- b^ i 


Ka Y. associated with the rota- 
^ (Soaks PR | tion of a straight line 


about an axis. Let a 


B straight line AB (Fig. 21) 
tres 


rotate about the point O 
on the plane of the paper 
and occupy the position 
E CD. Then any two points 
Fig. 21 Pand Xon the straight 
line AB would trace out 
two circular arcs PO and XY about the common centre O. If 
the lengths of the arcs PQ and XY as well as the distances OP 
and OX are actually measured, then it will be found that 
arc PQ arc XY 
PO | XO 
This shows that for a given rotation of the straight line, any 
arc made by a point on it divided by the distance of that point 
from the centre of rotation is constant. Therefore, the ratio of 
the arc and its corresponding distance from the centre is a 
measure of the angle. This system of measuring an angle is 
called a circular measure. According to this system, the unit 
of angle is called a radian, which is defined to be the angle 
subtended at the centre by a circular arc of length equal to the 
radius. To express an angle in terms of radian, a circular arc 
is drawn with the apex of the angle as centre and with any 
radius, The angle in radian is given by the quantity 
length of the arc. 
length of the radius 
. Lengths of the circumferences and diameters of various 
circles have been carefully measured and it has been found that 
in each case the ratio of the length of the circumference to the 
corresponding diameter of any circle is a constant. This 
constant has a value of 3:1415 correct to fourth place of deci- 
mals. This constant is popularly designated by the Greck letter 
z pronounced as pie. 
Thus, circumference of a circle 


diameter of the circle nume 
SP circumference R u 
s tad 27 «©. circumference=2z x radius. 


_When a straight line makes one complete rotation about a 
point onit onthe plane of the paper, any other point on the 
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straight line moves over a complete circle with the fixed point as 
the centre. The number of radians for one complete rotation 
of the straight line must then be, Pe 
ength of the circumference 4 
~~ Tength of the radius ~ 2” = 62830... 

If the circumference of a circle be divided into 360 equal 
parts, the angle subtended at the centre by any are is calleda 
degree. In this measure the angle subtended at the centre by a 
semicircle contains 180 degrees and the angle by any quarter of 
a circle contains 90 degrees. The multiple and submultiple of a 
degree are the following. 1 right angle=90 degrees (90°) ; 
1 degree (1°)=60 minutes (60) ; 1 minute (1’)=60 seconds (60") 

Since the circumference of a circle subtends an angle of 2x 
radians at the circle ana pio 360°, 2z radians=2n°—360° 

! ° — 360* bx YR S 
-. 1 radian In 63830 =57°17'44'8", 

14. Measurement of Angle—The apparatus most common- 
ly employed to measure 
an angle is called a 
protractor. It consists 
of a semicircular piece 
of metal, divided on its 
circumference into 180 
equal parts, each called 
a degree (Fig. 22). The 
scale is graduated in _ 
both directions. The A 
lower straight edge of 
the protractor forms the 


F: LL 


Fig. 22 
diameter of the semicircle having the centre at O. Protractors 


supplied in ordinary mathe- 
matical instrument boxes are 
graduated with divisions of a 
degree ; but there are more 
precision types of protractors 
having i or 4 degree as the 
smallest division. 

In order to measure the 
angle between two. straight 
lines OA and OC, place the 
protractor with its straight 
edge just to touch the line OA 
and the angular point to coin- 
cide with O. Now. read the 
outer circular scale just at the 
point through which OC emer- 
ges out. This gives the angle 


Fig. 23 
AOC in degrees. If the angle BOC is to be measured, read the \ 
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| inner scale which Starts’ from the right. In the particular figure 
the Z AOC is 45°. ^ 
Where greater accuracy is needed to measure an angle, an 
angular vernier is -used in conjunction with a degree scale 
(Fig. 23). The apparatus consists of a degree scale OO with 
lits centre at B. Just along the side of this scale, another 
‘auxiliary vernier scale A slides about the common centre. 
“This vernier scale is graduated in such a way that a certain 
"number n divisions of this scale are equal to (n - 1) divisions of 
othe main scale. In such a case the vernier is capable of mea- 
suring 1/n part of the main scale. If the main scale is graduated 
(in degrees, then this angular yernier can read up to I/n of a 
degree. A sensitive angular Vernier may be as accurate as to 
read 1/360th part of a degree. (For details, vide J. Chatterjee’s 
Intermediate Practical Physics.) 


15. Dimensions of Physical Quantities—It has been stated 
"(Art 4), that there are three fundamental units, apparently 
independent of cach other. These are unit of length, unit Oo 
mass and unit of time, commonly abbreviated by letters LM 
and T. Other derived units bear some relations to. the funda- 
mental units. Such relations are called the dimensions of those 
derived units. Since all physical quantities are expressed in 
terms of derived units, they also have certain dimensions. 


When we say that a rod is 3 feet long, we refer to the 
dimension of length L and express it in F.P.S. system as a 
length of 3L (F.P.S.). Again, if we say that a body ‘has :mass 
of 15 grams, we refer to the dimension of mass M which: is 
equivalent to 15 M (C.G.S.). Similarly, 20 T means 20.seconds 
.on both the systems. is 46" 


The unit of area in any system is obtained by'the product of 
length and breadth. Since both length and breadth have the 
‘dimensions of ‘length, area. must have a dimension of LxL 
or L2. Similarly, a volume bas a dimension of L?. Thus, 
'35L* (C. G. S.) means 35 cubic centimetres. An angle in cir- 
cular measure is expressed by the ratio of an arc length and 
radius. Both being in units of length, one radian \has the 
dimension of L+L or L^. Thus an angle has no dimension. 
As in subsequent Chapters, we would come across various 
derived units, we should establish various relations which L, M 
and 'T bear with such units. It is to be noted that in an equa- 
tion ‘between two quantities, the dimensions of the various terms 
in the equation must be the same. This serves two purposes: 
(i)it indicates whether an equation is properly stated or not, 
and (ii) it furnishes a means of finding the dimension of a physi- 
cal quantity whose relation to the fundamental quantity is not 
clearly known. |. edd 


«org: 
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[Students-are required to remember the following conversion 
factors so as to work out problems dealing with reduction of 


units.] 


British into Metric Conversion Factors. VS 


" 


T 


————————— 


British Metric British Metric 

1 inch =2'538 cm. 1 cu. ft. =28°3153 litres 
1 yard ='9144 metre 1 gallon =4:546 litres 
1 milo =1°6093 km. 1 pound (av.) ^ —453:56 gm. 

1 sq. in. =6'451 sq: cm. | 1 grain = 0648 gm. 

1 sq. yd.=83'61x 1076 Hectare | 1 ton [ —1016 kgm. 
lou.in. | =16'386 c. o. 1 Metric Tonne, .=1000 kgm. 


CN CL 


Examples: 
1. Taking the shape of the Earth to bo exaotly round and its diameter 
to be 7900 miles, find the surface area of the Earth. Find also its volume. 


i 


Ans. The surface area of a:sphoro=47r?. Now r—7900/2 miles —3950 


miles. 


miles. Also the volume of Earth $zr*—4x93:1415x 39503 cubic miles 
=258147003057. cubic miles. 
2. Find tho angle subtonded by an are of length 1 em. at. the. centre 


of a circle radius of 10 ft. 


of an are. 


Ans. We know 1 foot.—30:479 em. 


,. angles 


1 


Expross your result in radian and in degrees 


10 ft. —304-79 em. 


==. radian="0033 radian 


30479 


180° 


Sinco 9:14 radien=180°, 1 radian= ;—— 
314 


Thus the. required angle="0033 radian= IE KE S degreo 0-19 degree... 


EXERCISES ON CHAPTER I 


Reference 


1. Name tho system of units commonly used for‘ the Art. 4 
moasuroment. of physical quantities. Which of them is more 
convenient and why ? Explain with oxamples what you mean 
by fundamental units, derived’ units and practical units. 

9. Define mass, volume and density ; stato ihe relation Arts. 
that exists between them. (G. U.—1940;; Dae, U,—1949): 6&6 


Jo. Mb c 16422 


. Surface area. of Harth=4x 3°1415 x 3950? sq. miles = 196061015 sq. 
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3. What do you mean by an apparent solar day and mean Art. 7 
solar day 2 


4. Give the principle of a vernier and explain its working. Art. 8 
Each division of a main scaleis 0'5 mm. 9 divisions of tho 
main scale are equal to 10 divisions of the vernier. Length 
of a cylinder is measured. Tho readings are: 78 divisions 
of the main scale; and the 6th division of the vernier coincides 
with a division of the main seale. Calculate the length of the 
cylinder. (Del. H. 8.—1953) 


Ans. 9:93 em. É 


5. Derive the formula, Rae +E for a spheromoter. Au. 


Thelegs ofa spherometer occupy the corners of an equi- 
lateral triangle of sido 4 em. When placed on a plane surface, 
the reading is4 mm. and on a concave surface, it is 2 mm. 
Caleulate the radius of curvature of tho surface. 

(Anna. U.—1948, '53) 

Ans. 13:4 em. 


6. Deseribo a spherometer and explain carefully its use Art. 8 
for measuring the radius of curvature of a spherical surface. 
(U. P. B.—1948, '53) 
7. How will you find the volume ofa solid of irregular Art. 10 
shape. (C. U.—1947, '49 ; Dac. U.—1942) 
8. What is meant by tho dimension ofa physical quantity ? Art. 15 


‘What is its utility ? What are the dimensions of density and 
velocity ? 


CHAPTER II 
MOTION 


16. Position and Reference Co-ordinates—In our everyday 
life we get an idea of the position of any object by its direction 
and distance from some other object of reference. For this 
purpose, we choose some unit of distance and the four standard 
directions east, west, north and south. The object of reference 
may be anything apparently fixed. When we say that the 
school building B is situated at a distance of half-a-mile to the 
north-east of the Post-Office O, (Fig. 24), the Post-Office stands 
for the object of reference, north-east gives the direction and 
a half-a-mile is the distance. Thus, we specify the position B 
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of the school building by its distance OB, which is half-a-mile 
in this case, and also by the north-easterly direction, with 


be ee 


Fig. 24—Cardinal Directions Fig. 25—Rectangular Co-ordinates 


reference to the Post-Office. If we know the distance OB and 
the north-easterly direction, we can easily determine the posi- 
tion of the school building. The position of an object is, there- 
fore, determined by its distance along a definite direction at 
any time from some apparently fixed point in space. 


The position of a point on a graph paper is determined 
exactly in a similar manner. Two straight lines are taken at 
right angles on the graph paper, which we call reference lines 
XOX’ and YOY’ like the standard directions (Fig. 25). The 
intersection of the two lines is the origin O of the co-ordinates. 
To find the co-ordinates of any point P on the graph paper, 
the distances of this point from the two lines are measured in 
terms of the units chosen along the abscissa OX and the 
ordinate OY. These co-ordinates, which are x and y Say, 
determine the distance of the point from the reference origin O. 
On measuring x and y, the actual distance OP of the point 


from the origin is known, which is Vx?--y?; further we can 
also measure the angle POX or POY and determine im which 


direction the point P lies with respect to the axes. 


position with time with respect to some reference point. Ab- 
solute rest is the complete absence of motion. We never get a 
body at absolute rest, since the earth and all other planets are 
continually revolving about their respective axes and also since 
each moves round the sun in its own orbit, while the sun itself 
with all the planets is moying through space among the stars, 


24 INTERMEDIATE PHYSICS CHAP. It 


The stars are found to move away with respect to one another. 
Absolute motion of a body is its motion with respect to a point 
absolutely fixed in space. But as no such fixed point is known 
to us, absolute motion is something beyond our idea. 


`A body may then be in a state of relative rest or relative 
motion. A body is said to be at rest relative to another body, 
when it does not change its position with respect to that body ; 
and it is said to be in relative motion with respect to a certain 
object, when it changes its position with respect to that object. 
Thus a man, seated on the bench of a running train, is at rest 
relative to the bench or the window of the train, although he is 
in relative motion with respect to a mile-post near the rail-road. 
Again, if two persons are cycling side by side at the same rate 
and.in the same direction, they appear to be at rest with respect 
to each other, although each is in motion with respect to a man 
standing near by. We usually refer the motion of all terrestrial 
bodies with respect to any point fixed on the earth. 


Nature of Motion—The motion of a body may be ‘either 
translatory or rotatory or both. Translatory: motion may 
again be subdivided into rectilinear and curvilinear motions. 


A body is said to possess a translatory motion when a line 
joining any two points on the body remains always parallel for 
all positions of the body. Fig. 26 represents a body moving 
in a direction shown by the 
arrow head. Any two points, 


say a and c, are taken on the (ca Mie EE 
body at its initial position. In T --.--- 
the displaced position the cor- emer asap ee pases {sly 


responding points are x and z. 

If the straight line joining the Fig. 20—Rectilinoar Motion 
points a and c is parallel to the straight line joining x and z in 
the displaced position of the body and if the path of motion of 
any one point of the body be straight, the type of motion is 
called a rectilinear motion. A stone falling down from a height 
or a train running on a straight track is an example of recti- 
linear motion. : : 


When the motion of the body takes place along a curved 
path in such a way that any line. drawn on the body remains 
always parallel to its original direction, it is called a' curvilinear 
motion. In Fig. 27, a body is moving in the direction: of the 
arrow-head. ‘The path from E to F is rectilinear ; but the path 
FGHI is on a curve. The vertical line MP remains always 
vertical irrespective of its position along the direction of motion. 
Expect for a little swing, the motion of the ‘armchairs of ihe 
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vertical merry-go-round in fun fairs is an example of a curvi- 
linear motion. nt 


Fig. 27 — Curvilinear Motion Fig. 28— Rotatory Motion 


A body is said to have a rotatory motion, when any . straight 
line taken on it moves about a fixed point or axis. Fig. 28 
represents a solid wheel rotating about its axis AA. If we 
consider a point B on the wheel at any instant, it will be found 
to occupy a position C at a later instant, By joining the succes- 
sive positions of the point in between B and C, we get an ‘arc 
of a circle subtending.an angle BOC at the centre of rotation. 
The same angle is subtended at the centre by an arc made by 
any point on the radial line OB in the same intérval of time. 
Therefore, in a rotatory motion, a line joining any two points 
on the body in the displaced state would make an angle. to the 
original line in the initial state of the body. 


The motion of a body may often be complex in nature, 
being a combination of a rotation and translation ; thus the 
motion of a cart wheel or a ball rolling on the ground or a 
planet round the sun comprises both kind of motion. j 


18. Terms relating to Motion—The displacement of a 
moving particle is its change of position in a given direction 
and so it is'the distance between its initial: and. final positions 
irrespective. of its intermediate positions... The displacement. of 
the point P from the origin O (Fig. 25) is the distance OP. 
Displacement has thus a direction as well as a magnitude. Any 
physical quantity, which possesses both magnitude and direction, 
is called a vector quantity (Ref. Art. 21). So displacement is `a 
vector quantity. 


The speed of a body is the rate of change of its, position 
and is measured by the distance passed over by the body in 
unit time. The speed does not refer to any direction. Any 
physical quantity, which has magnitude only but no direction, is 
called a scalar quantity. So speed is a scalar quantity. 


The velocity’ of a moving body is its rate of change of dis- 
placement with time. Since velocity has got some direction and 
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magnitude, it may be represented by a straight line. Evidently 
speed in a definite direction is velocity. The velocity of a 
moving body at any instant is measured by the distance traversed 
during a small interval containing that instant divided by that 
interval, , Velocity may be uniform or variable. : 
In the languago of Differential Calculus, if æ be the displacement of a 
body at a time t, and if 24. dv be the displacement of the same body ata 
subsequent time ¢--dty whore:dz and dt are infinitesimally small quantities, 
then the velocity of the body, at & distance v and at instant ¢ is given by 
J^ wtdi _ de 
t+dt—t ^ dt’ 


Uniform Velocity—The velocity of moving body is said to 
be uniform, when it_moves ina definite direction over equal 
distances in equal intervals of times, however small these 
intervals may be. When uniform, the velocity is measured 
by the distance traversed in a unit of time*. 


Figure 29 illustrates a uniform velocity of a body ; a, b, c, 
and d represent its various positions at intervals of one 
minute. Its rate of displacement is found to be 120 ft. in 
every minute. Therefore, its velocity is 2 ft. per second. 
Thus if a body, moving with a uniform velocity v, passes 
over s ft. in ¢ seconds, then v=s/t ft. per sec. 


When a body does not move through equal distances in 
equal intervals of time, it possesses a variable velocity. In 
this case velocity may be measured at any given instant or an 


average velocity may be found during a given interval. The 
average or mean 


-——— 1 in —9—— 1 in—— 4 ino, 
ENS n ET velocity of a 


a b e d 1 
€————e———9— —9 moving body du- 
ring a given in- 
a 120 Ft ——»9«— 120 Ft ——9— 20 ^ —5 — tervalismeasured 
Fig. 29—Uniform Velooity by the. total dis- 
tance passed over by the body divided by that interval. 

If v be some measurable distance traversed by the body in a known 
eel t, the average or mean velocity during tho interval? is given by 
«lt. ‘ 

The distance may be expressed in any unit of length, such 
as miles, yards, feet, metres, centimetres, etc., and the corres- 
ponding time may also be expressed in any unit such as hours, 
minutes, seconds, etc. For example, ifa body covers / miles 
in h hours, we may denote its average velocity as l/h miles 


*When velocity is uniform, dx/dt is constant which means that wher- 
ever in its path or whenever this ratio is measured, the value doesnot 
change. . 
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er hour o 1x1760 
p T even as — 7 


since the unit of length is accepted as a foot or a centi- 
metre and the unit of time is a second, it is customary 
to express the velocity in feet per second or in centimetres 
per second. Thus a velocity of 30 miles an hour is equivalent 
to a velocity of 44 ft. per second. 


The unit of velocity may be defined as the velocity of a 
moving body which traverses unit length in a given direction in 
unit time. Hence, in the F.P.S. system, the unit of velocity 
may be taken as one foot per second and in the C.G.S. system, 
it is one centimetre per second sometimes abbreviated as 
em. sec^!. 


Aeceleration— The acceleration of a body is the rate of 
change of its velocity, i.e., the change of velocity per unit time. 
As a velocity has both magnitude and direction, the change 
may take place either in both or in one only. In the simplest 
case, the magnitude of velocity may change, the direction 
remaining the same. Acceleration has thus a direction as 
well as magnitude. It can, therefore, be represented by a 


straight line with an arrow-head and it is a veetor quantity. 


yards per minute, etc. But 


For example, let a body, with a continuously increasing 
velocity, possess a velocity of 75 ft. per second at the position 
a (Fig. 30). After one second let it move to b and let its 
velocity at that position be 12:5 ft./sec. After the lapse of 
one second, let its velocity be 17:5 ft.[sec. at c. In this 


a 4 e d $ manner after 
{second — Second, 15e 1 Second did F4 


Fig. 30—Acceloration showing Time— Velocity relation. when it is at 
d and e let the velocities be 22:5 ft./sec. and 275 ft./sec. respecti- 
vely. So the velocity of this body is increasing at the rate of 
5 ft. per second. Thus we can say that the acceleration of the 
body is its rate of change of 5 ft./sec of its initial velocity of 7:5 
ft./sec. Since the term per second occurs twice in stating the 
quality of an acceleration, the acceleration of this body is stated 
as 5 ft. per second per second or 5 ft.[sec?. 

We can also look to an acceleration of a body from its 
displacements after successive equal intervals of time, Let the 
body pass over a distance of 10 ft. in one second from a to b 
(Fig. 31). Then its average velocity during the first interval 


of 10 ft. per sec. If again it passes over a distance of 15 ft. 


\ 
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during the second interval, its average velocity is 15 ft. per sec. 
a b ec d e Pu the next 
second. ^ Thus 
+ 10 ft —— 15ft—*--— 20f(——— 25ft —* — the average velo- 
city has been 
increasedby 5ft. 
per second. If 
this increase of velocity is maintained constant, it would pass 
over distances of 20 ft. in the third second, 25 ft. in the fourth 
second and so on. Thus the rate of change is 5 ft. per second 
of an average initial. velocity of 10 ft. per second. So its 
acceleration is 5 ft. per sec.? or 5 ft/sec.?. Here if the accele- 
ration is uniform, it can be proved that at the position. ‘a’ the 
body possesses an initial velocity of 7:5 ft. per second and at 
*b? of 12:5 ft. per second, so that the average velocity, ‘between 
‘a’ and ‘b’ is 10 ft./sec. 

Thus we find that for a body moving with a uniform. accele- 
ration, the velocities at the ends of successive seconds increase 
by a fixed amount. In general, if u and v are the velocities at 
the beginning and at the end of an interval 7, the acceleration f 
is given by, i 


fev ++» (18, 1) 


Fig. 31—Accelerated Motion showing 
Time —Displacement Relation. 


If however, the rate of increase or decrease of velocity chan- 
ges with time, the acceleration is-said to be variable. The accele- 
ration may also be expressed in any unit depending upon. the 
units of velocity and time. A. body is said to have a unit accele- 
ration, when its velocity changes by unity in unit time. In the 
F.P.S. system, the unit of acceleration is ‘one foot per sec. per 
sec. usually abbreviated as ft./sec.%, and in C.G.S. system, it is 
one cm. pet sec. per sec. sometimes abbreviated as cm.|sec.° 
» Tii the language of Differential, Calculus if v.be the velocity of a body 
at an instant t and if v+dv bo its velocity at the subsoquent instant tdi, 
then the acceleration of the body at the instant is given by the differen 
tial coefficient s 

] : o-dv—v dv. 
tdi — dt 


Retardation— When the velocity of a moving body decreases 
continuously the motion is said to be retarded. Mathematically 
speaking, retardation,is considered as a negative acceleration 
and is expressed. by putting.a negative sign before the change 
in velocity taking place per unit of time. j 


x 1 r I 

19. . Measurement of Velocity—In order to measure the 
average volocity of a body, we are to determine how far the 
body travels in a known-interval of time.: Süppose that we: are: 
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to. measure the speed of a railway train in which we are travel- 
ling and we are provided with a watch capable of measuring 
seconds. When our compartment just passes by a mile post we 
record the time in our watch and wait till the. compartment 
passes by the next mile post. The difference of the two readings 
in the watch measures the interval required for the train to. pass 
over a distance of one mile. . The distance divided by time gives 
the mean speed of the train over a distance of one mile. . 


Measurement of Acceleration—It is now ‘evident that 
when a body moves with an accelerated or retarded speed, the 
distances passed over by the body in successive intervals of time 
either increase or decrease continuously. Hence, to measure an 
acceleration, the distances passed over by the body at equal inter- 
vals are to be measured. Take the case of a railway train when 
it starts off from a station. The positions of the train are mar- 
ked at intervals of, say, half a minute. : It will be found that the 
distance moved through during the first interval is less than that 
during the second interval. The average velocities during the 
two successive intervals are measured. The difference of these 
two velocities gives. the increase of velocity during half a minute. 
Hence the acceleration is determined. í 


20. Equation of Motion—In the case of à body moving on a 
straight line, the relations between the displacement, time, velo- 
city and acceleration can be represented by some simple equa- 
tions. These equations were first worked out by Galileo. . . 


(i) Motion with Uniform Velocity—If the motion is uniform, 
which means that the body possesses no acceleration, and if the 
body passes over u units of length in every unit of time, the 
total space s described in an interval ¢ is given by* 


pu» - 29,1) 


(ii) Motion with Uniform | Acceleration—Let the initial 
velocity of the body be u. As it is subjected to a uniform 
acceleration f, the velocity of the body is increased in € h unit 
of time by f and the total increase in velocity in time f ill be 


* Following tho present notation and according to Art, 18. 


; dic velocity =u, a constant, tifosi 


.. ds=udt. Now on integrating both sides, we havo f de uat 

or, s=ut-+a, a being & constant...(i) 

If now timo is measured when there is no displacement, t=0 when 820. 
'Then on substituting in (i) we have; ota f : 

0=0+4a, whence a=0. Thus oqn., (1) transforms into 8r ut. 
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fxt. Hence, the final velocity v acquired by the body after 
an interval f is given by* 

y—u--ft, whence a see (202) 


<. aeceleration—inerease in velocity--time. 
If the body possesses a negative acceleration, f would be 
negative and the expression would become 
v=u-- ft. s» (202A) 
(iii) To find the space described with a uniform acceleration— 
Velocity at the end of the first second—u--f. 
1 second earlier than the last second, 
i.e., at (t — 1)th second=v - f. 
^.^ average velocity in each of these two seconds 


utto- wv 
TP 


» 


2 
Velocity after 2 seconds from the beginning—u--2f. 
Velocity at 2 seconds earlier than the last second— v — 2f. 
-. average velocity during each of these two seconds 
(u--2£/)2-G—2f). utv 
2 EORAe 


_ Thus, taking intervals in pairs equidistant from the begin- 
ning and the end, the average velocity in each second is found 
to be half of the sum of u and v. As the acceleration is uniform, 


do 
di 


2) 


** In caso of uniform acceleration —=constant=f, sey, and velocity 


ds, dfds\ _ 
v= 80 that z à)" 


By transposition, a( a) z fdt and by integration 


ga (B)- pat on zn. 


where E represents tho velocity for any value of ¢ during the interval. 


If u bo tho initial velocity, u represents the velocity when t=0. Substi- 


tuting in eqn. (9) we got 
ds =0+b=u, whence u=b, 
dt} t=0 
If v be the final velocity, we find (& p SENDS 
Substituting these values in eqn. (/i) we get v=u+ ft. 
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the body may be supposed to be moving with this average 
velocity during the whole period t. The space described by 
the body is then by* l 


sat UC HfO,, " 


2 
s=ut+4ft.” vee (20,3) 
If the body has a retardation f, eqn., (20,3) takes the form 
s=ut—$ ft.” see (20,34) 


From (20,2), y? —(u-Eft)? =u? 4-2uft -f re 
=u? rf (ut-- ft) 
from (20,3) y?—u? 4-2ts. ses (20,4) 
For a retardation f, eqn., (20,4) takes the form y2=y4?—2fs. 
(iv) Space described in any particular second.—Let the 
space described in the tth. second be denoted by st 
Then s,=space passed in 7 sec.—space passed in (f — 1) sec. 


—(ut-- ft?) Au(t—1)--4f—D^ T, 
wherice see ho +++ (20,5) 


Special Cases— 
(i) If the body starts from rest, u=0. 


Then v=ft ; sif? ; v2=2fs ; nc 


(ii) If the body has retardation f (i.e., acceleration— -f. 
then y=u — ft ; s=ut -4ft? ; v? =u? — 2s ; s-u- TE “f 


Examples : ® 

1. A body starts with a velocity of 45 miles por hour and moves under 
a constant retardation of 11 ft. per soc.? Find (i) its velocity after 2 secs. 
(ii) after what time ib will stop, and (iii) what distanco it moves before 


coming to rest. 
* We know that 
dgds r Bre LAE 
EA zu =f whence by integration 7 =? Jiu. 
By transposition we have da 2 f tdt 4- udi. 
Again, by integration we have, . 
f do=J jidi+ J udt or, 523 fi? ul Ces (T) 
where cis constant. If now time is measured from the instant, when, dis- 
placement is zoro, we have when 120, s=0 whence c0. 
Soszut +} f? 
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Ans. Here u=45 miles per hour=66 ft. per second, and f—-—11 ft. 

por see? 005 l "aue 
G) From v=u-ft., .. v—(06—11x2) ft. /séc.=44 ft. per second. 

(ii) Let it stop after t seconds. Here 0=66—11xt .*. 1—6 seconds. 

(iii) Let the body move through s ft. ; then v=0,u=66 and then 0?— 
663 —2x 11 x s when $2198 ft. ; 

2. A body moving with uniform acceleration and with an initial velo- 
city of 14 ft. per soc. passes over 8 ft. and then its velocity i518 ft. per sec. 
What is tho acceleration ? 

Ans. Let f —aecoleration of the body. Tts initial volocity is 14 ft./sec. 
and after passing over 8 ft, its final velocity is 18 ft./sec. Thon from the 
egn. v? =u? + 2fs follows. i 

, 18* 214? - 2f x8, whence f —8 ft./soc.* 

3. A bullet moving at tho rato of 200 ft. por second is fired into the 
trunk of a tree into which it penetrates 9 inohos. If tho bullet moving with 
the same velocity wero fired into a Similar pieco of wood 5 inches thick, 
with what velocity would it emergo, supposing tho resistance to be uni- 
form ? 4 La [Raj. U.— 1953] 
Ans. Tho striking velocity of tho bullet is its initial velocity and its 
final velocity is zero after moving | through a distance of 9 in.=$ ft. 
through the trunk. Honce, the retardation f of tho bullet is obtained 


from the relation v? =u? —2fs. 
8x10* 
s. 0222002—2fx 2, whero f= VES 26666-66 ft./sec.?. 

Retardation being the same in a similar pieco of wood 5 in! or y, ft. 
thick, for its final velocity a similar equation will hold. Thus 

? 8x 104 
v? = 200? -2x —4 

4. A body starting from rest travels 150 ft. in the 8th second. Calculate 
the acceleration a$suming it to be uniform. 

Ana. , Bpace moyed over in 8th Second —space moved over in 8 seconds 
—that in 7 seconds. Now the space covered in 8 seconds (assuming f to be 
the acceleration) is given by : 

8,203 fx 89 =32 f. 

Similarly, the space covered in 7 sec. is given by, 

84-004 fX T= f. 

But sı — 8, =150 or, 32 f — 4? f =150, whenco f = 20 ft. per seo.?. 

5. A point mass moving with uniform acceleration, describes in its last 
second of motion ;%th of the whole distance. fit started from rest, how 
long was it in motion and through what distance did it move, if it descri- 
bes 6 inches inthe first second ? i i | [Utkal U.—1954] 

Ans. When it describes 6 inches or ‘5 ft. in tho first second starting 
from rest, then applying eqn. (20.3) and putting u=0 and 1—1, we get, 

*6 ft.=3 f, whence f =1/ft. per sec.?. 


x fy, Whence v=133 ft./sec. approximately. 
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Let the whole distance be s ft, described by the body in time / sec, 


Then s=} ft? zi, (1) 
Again, since it travels 3% of s ft. in the tih sec, 
2i-1 j Fet 
oe am 5 xf or, t—f= ye (2) 
Multiplying eqn. (1) by 3% and we derive from (2) 
g58— $5? =t—4, whence 91? — 5014-25 — 0. (3) 


Solving the quadratic equation in £, we got two values t; and ts, 
where t, "0r oo seconds and £, = SUO - 80 

Substituting in eqn. (1) when f, =5 sec., 8; 12:5 ft. ; 

and when 1, — 5 sec., 8, —0:15 ft. 

The second pair of values t, and s, are improbable and to be rejected. 


21. Vector and Sealar Quantities—Any physical quantity, 
which has got a magnitude only and is subject to ordinary 
arithmetical laws, is called a sealar quantity. Thus, if a man 
works for 5 houts in the morning and again for 4 hours in the 
afternoon, he has worked for 9 hours during the day. The 
total period is obtained by the arithmetical sum, showing that 
time is a scalar quantity, For a similar reason mass, density, 
distance and volume are scalar quantities. 

Any physical quantity, which has a directional property in 
addition to its magnitude, is called a vector quantity ; 80, for 
the specification of a vector, its direction must be mentioned 
along with its magnitude. Thus, when we say that a man has 
moved 20 yards from a certain point, he may be anywhere. on 
the circumference of a circle of radius 20 yds. about the initial 
position. But if it is stated that the man has moved 20 yds. 
due east, his position can at once be determined. Hence, to 
state a displacement completely, both its magnitude- and direc- 
tion must be mentioned. Or in other words, displacement is a 
vector quantity, Similarly, velocity, force, etc., are vectors. 

Any vector quantity can be represented by a straight line, 
whose length represents the magnitude and whose direction gives 
the direction of the vector. A single vector, whose effect is the 
same as the combined effect of two or more vectors, is called 
the resultant of these vectors or simply the vector sum. The 
process of finding the resultant is called a vector addition or the 
composition of vectors. ' Di Xt 

22. Graphical Representation of Motion—A. motion may 
be represented graphically by indicating the variation of dis- 
placement of the body with time. Let OX and OY be two 
rectangular axes of co-ordinates with O as the origin. (Fig. 32). 
The time is measured along OX and the displacement along OY. 
The values of the units on the graph paper may be suitably 
chosen. REO ott: 


Pt. 1/G—3 


= § second, 
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Suppose now that particle has a displacement of 15 ft. in the 
1st sec., 30 ft. in the first two seconds and 45 ft. in 3 secs. The 
corresponding points on the graph paper are A, B and C lying 
on a straight line passing through the origin. Thus a. straight 
line on the time-displacement graph represents equal displace- 
ments in equal times, which is a uniform velocity. It is evident 
that the velocity V represented by the straight line OC is 
given by 


Y Y 
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Fig.32—Graph of Uniform Velocity ^ Fig. 33— Uniform Acceleration 


v- ctn ZCOX=15 ft. per sec. according to units 
chosen. 


. , Hence the tangent of the angle made by the straight line 
with the time axis represents the velocity. The value of the 
tangent of an (acute) angle increases continuously with the 
; angle, and so the line OPQR which makes a larger angle with 
the time axis represents a higher velocity than that of the line 
OABC. As shown in the graph, the line OPQR represents .a 
velocity of 255 ft./sec. Any line coinciding with or parallel to 
, OX makes no angle with OX, and so this line represents zero 
velocity, whereas a line coinciding with or parallel to OY 
makes an angle of 90° with OX, and so it represents an infinite 
velocity. A uniform velocity is given by the equation v—s/t 
` or, s=vt. Therefore, a relation of s with t fora given value 
* of vis similar to the equation y=mx-+c, where m'is a constant 


andc=0. Thus s—yf represents a straight line ing through 
the eriem. p gh M se g 
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Again consider that a body starting from rest is moving with 
a uniform acceleration. During first second, let. the body 
traverse a distance of 8 ft. During the first two seconds let the 
displacement be 32 ft. and in first three seconds let the displace- 
ment be 72 ft. Evidently, the body is moving with a constant 
acceleration 16ft./sec.?. Now on the graph paper plot time as the 
abscissa and displacement as the corresponding ordinate, shown 
by the points A, B and C (Fig. 33). Passa free-hand smooth 
curve through these points; the curve is a parabola, The 
more steepy parabola as that given by the curve OPQR signifies 
a higher constant acceleration, as it represents larger displace- 
ments than that given by the curve OABC in any given interval. 


We know that s=ut+4ft? represents an equation of 
accelerated motion. If u=0; then s=2 ft? which is similar to 
the equation y=4ax? representing a parabola. . Therefore; the 
relation of s and t in a uniformly accelerated motion is a 
parabola. Even if there is some initial velocity u of the body, 
the graphical relation between the displacement s and the time 
t is parabolic in nature. 


28. ‘Angular Velocity—We have already seen in Art. 16 
that when a rigid body moves round any straight line as its 
axis of rotation, all the particles of the i UBI 
body move in circles about the axis as 
the central line. The angular velocity 


is said to be uniform when equal angles N 
are swept over in equal intervals of d 
time. The angular veloeity of the 

body is measured by the angle swept M 


out in unit time by a line joining any 

point of the body to the centre of 

rotation, provided that the motion is Fig. 34 
uniform. Let a particle of the body move through an arc MN ` 
in one second (Fig. 34). The angle at the centre O subtended 
by the are MN is equal for all points of the body and is known 
as its angular velocity. It is generally expressed in radians per 
second and is usually denoted by o. 


Leta body, moving with a uniform angular velocity o, 
describe angle 9 in time ¢.* Then 8—ot, or o—8/t. Again, the 
angle described in one complete revolution is 4 right angles or 


* Let 0 be the angular rotation of a body at the end of an interval of 
time ¢ and let 0 +d0 be tho angular rotation of the body at the end of an 
interval of time ¢+dt, where d and dt are both infinitesimally small as 
compared to @ and, Then the angular velocity ab time £ is denoted by 
ot. g% When uniform, the coefficient a is constant for all 

t+ bi t J * 
. values of ô and t. When variable, this differential co-efficient varios with 
time, 
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2a radians. If the time for one complete revolution be T and 
if the number of revolutions per second be n, then— 


oT—2z, whence o= dan, eee (23, 1) 


Here T is called the period of rotation and n. is known as 
the frequency of rotation in units of cycles per sec. 


Relation between Angular and Linear Velocities--Let the 
‘length of the arc described by the particle: in unit time be v 
‘and let the radius of the circular path be r. Then the angle 
‘subtended by this arc at the centre is v/r radians ; 


3 VIN 
“. angular velocity Le radians per second 


‘whence y=or, » (23, 2) 

Hence the speed of rotation of any particle of the body 

is proportional to its distance from the axis of rotation and 

-is given by the product of this distance and the angular velocity. 

Thus in the case of a rotating wheel, a point on the rim has 
greater speed than that of any point nearer the centre. 


Angular Aeceleration—The speed ofthe revolution of a 
body may often change ; for example, when the flywheel of an 
engine is in a state of acquiring speed or when slowing down. 
In such cases the angular velocity also changes with time. If 
the angular velocity increases at constant rate, we call it a uni- 
form angular acceleration, and it is measured by the change of 
angular velocity per second. When the angular velocity decrea- 
ses with time, it is called a negative angular acceleration or 
angular retardation. If, be the angular velocity of a rotating 
body at a certain instant and , be its angular velocity after a 
time f, then the total change in angular velocity during an inter- 
val t is œg —o,. If the angular acceleration is uniform, then the 
angular acceleration during the interval is (o4 —o,)/t. But if the 
angular acceleration is variable, the average angular accelera- 

, tion during the interval is given by the same expression.* 


* In general, if dw represents an infinitesimal increase of angular 
velocity in an infinitesimal interval dé at the end of time, then the 


angular acceleration at that instant is represented by for If the ‘angular 
t js y t 
acceleration is constant, then? =k (constant) or, do — kdt. 


Integrating between two limiting values: of w; and œ, corresponding 
to the times ¢, and t}, we get 


o t 
[49 f mmt 
f L3 


Oy 1 à 
0,—4 Í we \ 
whence 7 m 5 i= constant angular acceleration between the given limits. 


| 
| 
| 
| 
| 
| 


2. 
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Example : 

A flywheel rotates about a fixed axis at the rate of 150 revolutions per 
minute ; find the angular velocity of any point on the wheel. What is the 
vélocity, if the radius of the wheal is 3) ft. 1 


Ans. The angle described per minute =(150 x 2z) or 3007 radians. 
So the angular velocity w xd or, br radians per sec. 
Hence the required linear (speed) velocity wr =(3} x 6x) or 55 ft. per sec, 


24. Composition of Velocities—If a body possesses simul- 
taneously more than one velocity, it may, due to the combined 
effect of the velocities, be at rest or in motion with a definite 
single velocity. In the latter case, the effect ofthe single velocity 
is the same as the combined effect of the separate velocities, 
The single velocity is called the resultant velocity and the 
several velocities are called its components. The process of 
finding the resultant when the components are given is. known 
as composition of velocities. ; 


To find the resultant of velocities along the same straight 
line ; 


(i) Ifa body has two or more velocities along the same 
line and in the same direction, the resultant is a single velocity 
in that direction and is.of magnitude. equal to the algebraic sum 
of the components. 


(ii) If a body has two © velocities exactly in opposite 
directions, the resultant is a single velocity in the direction of 
the greater velocity and its magnitude is equal to the difference 
of the two velocities. 


For example, suppose that a railway train is running 
uniformly with a velocity of 30 miles an hour. A passenger, 
sitting in a comparment, has also the same velocity impressed 
on him. Now if he walks inside the compartment at the rate 
of 4 miles 'an hour in the: direction of the motion of the train, 
two velocities are impressed upon him along the same direction 
and his resultant velocity is 34 miles per hour. But m 
moves. in the opposite direction with, the same velocity, his 
"resultant velocity becomes 26 miles per hour along the direction 
of motion of the train. 


To find the resultant velocity when components are 
inclined : 


If a body has two velocities not along the same straight 


. Rie $ d 
line but inclined at an angle to each other, the magnitude an 
direction of the resultant is obtained by the parallelogram law, 
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Parallelogram of Velocities—7f a particle simultaneously 
possesses two velocities represented in magnitudes and directions 
by the two adjacent sides of a parallelogram drawn from a 
point, their vesultant is represented 
in magnitude and direction by the DERART c 
diagonal ofthe parallelogram pass- 
ing through that point. 


Let the sides OA -and OB of 
a parallelogram (Fig. 35) represent i 
in magnitudes and directions the o Er 5M | 
velocities u and v respectively acting A 
upon a particle at O and let the 
directions of the velocities be in- 
clined to each other at an angle «. Complete the parallelogram 
OACB and join the diagonal OC. Then the resultant velocity 


R acting upon the particle is represented in magnitude and 
direction by the diagonal-OC. 


Fig. 35—Parallelogram Law 


__ | Produce OA and from C draw CD perpendicular to it. Let 
the direction of the resultant OC make an angle 0 with the 
direction of the component u, so that Z AOC—6. Now the 
A ODC being right-angled at D,— 
OC?—OD*?-F-CD?—(OA + AD)?--CD? 
=O0A?+20A.AD+AD?+CD? 
=OA?+AC?+20A.AC cos «. 


Since, AD?--CD?—AC* and AD=AC cos «. 
R? —u?--v34-2uy cos «. i s.. (24,1) 
CD. CD y sin a e (24,2) 


i tang = = 
APO Gm AOR NOAEAD “uty cous 


_. Thus, knowing u, v and «, the values of R and tan 0 may 
ibe calculated. Further referring to the Table of tangents, the 


value of 0 in degrees can be found. In general, the resultant: 


y Sin & 


— 7 —.. to the direction 
u-d-v cos « 


velocity is inclined at an angle tan`! 
-of the velocity u. 


25. Composition of Vector quantities—Since the displace- : 


‘ment also is a vector quantity, it has a magnitude and direction, 
andthe parallelogram law can be applied to a body under the 
action, of two displacements acting simultaneously. or succes- 
sively. We can state the parallelogram of displacements thus : 


in If two displacements, represented in magnitudes and direc- 
tions by the adjacent sides of parallelogram, act upon a body 
either simultaneously or successively, their resultant is repre- 
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sented in magnitude and direction by the diagonal of the paral- 

lelogram passing through that point. The magnitude and 
direction of resultant displacement may be found exactly in the 

same way as in the parallelogram law of velocities. 


Itis evidentfrom figure 35 that vector of length OA, repre- 
senting a velocity or displacement along with a vector OB of 
another. velocity or displacement 
produce a resultant vector OC. [o 
Since OB is equal and parallel to 
AC, we may also state that a 
vector OA and a vector AC pro- R 
duce a resultant vector OC. Thus 
instead of drawing a parallelo- 


gram, the resultant may be found © A 
by completing the triangle with 
the two vectors as its two sides as |, . Fig. 36—Vector sum 


shown in figure 36. If OA and AC. 
represent two velocities or displacements acting upon a particle, 
their resultant is represented by the third side of the triangle 
taken in the opposite direction, In terms of vectors we can 
write the equation in the form,—. 

-> je > 


OA+AC=0C UR Re OL) 


It is to be remarked that the algebraic sum of the length of 
OA and AC of a triangle is always greater than the third side 
OC. Such an algebraic summation is called a scalar summation. 
So OA and AC without any arrow-head signs are called the 
scalar values of the corresponding vectors. But the two vectors 

> > 
OA and AC represented in magnitudes and directions,- would 


> 
combine to make up a vector OC. This is called a vector 
summation being represented by the equation (25,1). 


Parallelogram of Accelerations—The parallelogram law 
applies also in the case of two or more accelerations imposed 
on a body. Suppose a body simultaneously possesses two 
accelerations f, and f represented magnitudes and — 
by OA and OB respectively (Fig. 35) acting at an angle « wit 


each other. 


The resultant acceleration is given by, i 
ANE faasina | 
fofi fo? Ff sf 2 cos « and tan =F facos COB e 

| e (25,2) 


Since an acceleration has got. some magnitude and direction, 
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it can be treated as a vector. So f,, f , and f can be expressed 
as vectors 
=> > > > > 


> 
Si, f$ and f. Thenf,tfo=f +e (25,3) 


Geometrical Proof.—Let u and y represent the components 
ofan initial velocity R, resolved along accelerations f, and f 2 
(Fig. 37). Then after one second the velocity along u will be 
u+ f,=AE and velocity along 
vis v+fa=AF. The resultant 

` velocity after one second by 
parallelogram law is AH=R,. 
At the start the initial velocity 
was R, and after one second 
the velocity becomes Ry. By 
triangle of velocities the resul- ‘ 
tant’ of AD and DH is AH. 
Therefore the difference of 
velocities between Ry and R, 
is DH=f. So f represents the ESO T 
resultant acceleration due to Fig. 37 
the accelerations f, and f 9. It 
isclear from the diagram that GDKH is a parallelogram with 
sides DG=f, and DK—f,. This proves the theorem on paral- 
Jelogram of accelerations. 


26. Triangle of Velocities—This is a theorem of explaining 
how three velocities acting upon a particle produce no motion, 
which is known as a condition of equilibrium. The theorem 
states that if a body simultaneously possesses three velocities 
represented in magnitudes and directions by the sides ofa 
triangle taken in order, the resultant is Zero, i.e., the body 


--€ 


Fig. 38 Fig. 30 ) ` Fig. 40 
remains at rest. In figure 38, three velocities represented by 
AB, BC and CA of the triangle ABC act upon a particle. By 
applying the parallelogram law of velocities, the resultant of 
any two of these velocities, e.g., AB and BC, which are the 
Same as AB and AD, is found to be AC. Consequently, three 
velocities AB, BC and CA combine to become two velocities 
AC and CA. Now these: two velocities being equal and 
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opposite, the resultant of the three velocities AB, BC and CA 
becomes nil. This is also a composition of vectors. 


The principle of the triangle of velocities may also be 
applied to find the change in velocities during an interval when 
a body is moving over a curved path. Imagine a particle to 
be moving along a path ABCD (Fig, 39). Let its velocity at 
B be represented in magnitude and direction by the straight 
line BE, and that at C. by the line CF. It is evident that there 
would be a continuous change of velocity as the particle 
moves from B to C, the initial velocity being BE and final 
velocity being CF. ê 


Draw a line XY equal and parallel to BE and another line 
XZ equal and parallel to CF (Fig. 40). Complete the triangle 


by joining YZ. Then by the parallelogram law or vector 
summation,— 


2 


> > > > > > 


XY+YZ=XZ or, XY-XZ-YZ. 


Thus the change of velocities during the interval is represen- 
ted in magnitude and direction by the line YZ. 


Examples : 


1. Velocities of 12 ft. persec. and 15 ft. per sec. act upon a particle 
and are inclined to each other at an angle of 30°. Find the magnitude and 


direction of the resultant velocity. 3 


Ans. Lot u=12 ft. per sec. and v=16 ft. per sec. 
Then, R? 2122 4-153.-2x 12 x 15 cos 30° 
= 369+ 360 x -866— 680776, whence R —26:08 ft. por sec, 
15 sin 30° T5 15 
12+ 15 cos 30° ~ 12+1299 24:99 
With reference to the table of tangent, 6— 16942" with respect to the 
direction of the velocity of 12 ft. per sec., 
or, 0 —tan7!:8, j 


Again, tan 0 — 


2. The wind blows from a point intermediate between north and east. 

‘The southernly component. of pelos ia duplo and. a weeny 
i i velocity wi 

PRAE is 12 m.p.h. What is the y [ Del. U.—1948 ] 


Ans, Since directions south and west are at right angles to each 
other, the two component velocities also are at right angles to each other, 
Hence, if R be the resultant velocity of the wind, then 

^ R?z5?4123 42x 5x12x cos 9092169. 

d.e., the resultant velocity = 4/169 213 miles per hour. 

i i dua 

3. A particle is found to move with a velocity of 10 ft. per seo. 
east at a arith pues . After 2 minutes it is found to mors yia 
same velocity due north. Find the change in velocity during the in 
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Ans. Although tho velocities, at the initial and final stages, remain 
the same there is change in velocity. Let BC 
represents the velocity due east and BA the 
velocity due north, both being equal to 10 ft. 
per sec. (Fig. 41). Then from tho triangle of 
velocities, velocities BC and CA combine to 
produce BA. Hence the change in velocity is 
CA. Now if D be the middle point of AC, 
. DB «CD —BO sin 450 210 x 707. 
CA-3DB-1414. 
Fig. 41 Thus during the interval the change in 
velocity is 14:14 ft./seo. due north-west. 


27. Resolution of Velocity—Let AC represent in magnitude 
and direction a velocity which is to be resolved into two com- 


Q S 
wor 
oU ww, dp 
Fig. 42 Fig. 43 


ponents (Fig. 42). Draw a parallelogram ABCD with AC as 
diagonal. Then the adjacent sides of the parallelogram AB and 
AD will represent in magnitudes and directions the two required 
components. But since any number of parallelograms can be 
drawn with a given line as diagonal, a velocity such as AC can 
be resolved into an infinite number of pairs of components. 
The adjacent sides of any parallelogram AGCH or AECF, for 
example, drawn with AC as the diagonal, may as well represent 
the components. : 


Let ABCD be a parallelogram of which the angles made by 
AD and AB with the diagonal AC are « and 8. Since Z DAC— 
AL ACB, and / DAB—«4-8, and consequently ‘Z ABC—180" — 
(«--B). Hence from the (trigonometrical) law of sines ofa 
triangle, if AC—R, it follows that,— 


AB dC AC 
sina sin B8 sin [180°—(«+8)] 
RPG suh .. inp 
` AB-Rgas (opp) 9nd BC—g (Eg) e (27,1) 


The components are very often resolved at right angles to 
each other. In this case each component is said to be a resolute 
or the resolved part in that particular direction. 
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, Let OS (Fig. 43) represents in magnitude and direction a: 
given velocity R, which is to be resolved into two mutually 
perpendicular directions OP and OQ. Let the angle POS be 
denoted by x. From O draw OQ perpendicular to OP. From 
S draw SP | to OP and SQ | to OQ. Then by the parallelo- - 
gram law, OP and OQ represent the required components u and 
v respectively. i Me 


Since OP=OS cos « and OQ=OS sin «, we get ^ 
u—R cos « and v=R sin «. 1*50(21:2) 


Evidently, if « be given which means that if the direction of 
one of the components be specified, then both the components 
become definite in magnitudes and directions. 


Resolution of an Acceleration—In a similar way, it càn be 
proved that if OS (Fig. 43) represents a given acceleration fin 
magnitude and direction,’ the resolved parts of the acceleration 
along the directions OP and OQ will be represented by f cos « 
and f sin « respectively. | : dr 


28. Relative Velocity—The relative velocity is defined. to 
be the, apparent motion of one body relative to another, which 
may either beat rest orin motion. In this case, if the distance 
between the two is found to change from time to time, each is 
said to have a velocity relative to the other. Thus, the relative 
velocity of a particle A with respect to a second particle B is 
the rate at which A changes its position relative to B. 


When both the bodies move: in the same direction with the 
same velocity, the relative velocity of each with respect to 
the other is zero. For example, if two trains are running on 
parallel lines along the same direction with the same velocity, 
then to a passenger in one train, it would appear that the other 
train is at rest. 


If two railway trains A and Brun on parallel lines in the 
same direction but if A has a greater velocity than B, then to a 


£r TaN 


Pe 


A 
iy t= sl Lyen D 


Fig, 44 Fig. 45 
passenger in A, B will appear to move backwards, while to a 
passenger in B, A will appear to move forwards, If the two 
trains move in opposite directions, to a passenger in one, the 
other would appear to be moving away faster than its own 
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speed. For a similar reason, when a man is running in a shower 
of rain, the rain-drops, though falling vertically, appear to strike 
his face in a slanting direction. 


In general, the relative velocity of any body B with respect 
to another body A, is obtained by taking A to be at rest and 
compounding with the velocity of B a velocity equal and opposite 
to that of A. The resultant thus obtained gives the required 
relative velocity of B in magnitude and direction. For example, 
imagine"that two bodies A and B are moving parallel to each 
other in the same direction with velocities u and v respectively 
(Fig. 44). To find the relative velocity of B with respect to A, 
impose an equal and opposite velocity u on A and B. Thereby 
Ais brought to rest and B moves with a velocity u—v. The 
relative velocity of two bodies moving with different velocities 
in different directions is shown in figure 45. Here A is moving 
backwards with velocity u, and Bis moving with velocity v 
along BD. : To find. the relative velocity of B with respect to A, 
the latter is brought to rest by imposing an opposite. velocity 
in the forward direction. An equal and parallel velocity u is 
imposed on B along BL and their resultant. R is obtained. B 
then appears to be moving along the resultant direction BE 
when observed from A. It is found that laws of mechanics are 
the same on two bodies having a relative uniform motion with 
respect to each other. 


Example : 

To aman walking at the rate of 2 miles an hour, the rain appears to 
fall vertically. When he increases his speed to 4 miles an hour, it appears 
to meet him at an angle of 45° ; find the real direction and speed of rain. 

` [ Pat. U.—1951 ; Utkal U.—1953 ] 


. Ans, Letu=velocity of the rain in miles per hour and @=the 
direction of the rain with vertical in degrees. Suppose that the man is 
walking towards east. To bring him to rest, impose a velocity on him of 
2 miles/hour towards west and also apply the same velocity on the 
falling rain drops. The resultant velocity of the rain drops according 
to the problem has a vertical direction. Thus wsin $—2. Again when 
he walks 4 miles/hour towards east, bring him to rest by imposing an 
opposite velocity and apply the same velocity on the rain drops. The 
resultant makes an angle of 45° with the vertical. By drawing the 
figure, it can be very easily proved that in this ease u sin 0+ 
ucos 0-4. Hence, from these two equations, @=45° and w=2,/2 
miles/hour. 


3/29. Dimensional Representation of Quantities—It has 
already been stated in Art. 13, that the dimensions of length, 
mass and time are represented respectively by the letters L, 
Mand T. Since velocity is the distance covered by a body in 
unit time, it can be obtained by the quotient of total length 
‘covered and total time. Hence the dimension of velocity is L/T 
‘or LT^*. The same is the dimension of variable or uniform 
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speed. If a body possesses a velocity of 10 cms./sec., we may 
as well express it as IOLT-:! C.G.S. units. Acceleration is the 
rate of change of velocity and hence it has the dimension of 
velocity/time or LT^*/T, i.e., LT-?. For example, an accele- 
ration of 3 ft./sec.? may be expressed as 3LT ? F.P.S units. 
A retardation has a negative sign before it. 


An angle expressed in radians is the quotient of arc and 
radius. The dimension of an angle is therefore L/L or unity. 
Hence an angle has no dimension. An angular velocity is 
hs as an angle divided by time. Hence its dimension 
is nt 
_ It is interesting and instructive to note that in an equation 
involving physical quantities, dimensions on both. sides of the 
equation ought to be identical. In fact the identity of dimen- 
sion is a true test-of the validity of an equation. Thus, taking 
the equation, s=ut+4ft°, the left hand side term has the 
dimension of L'; ut has the dimension of LT^! x T—L and ft? 
has LT-?x T?—L. - Thus the equation is true. ; 


[To facilitate quick calculations in mathematical problems 
students are required to remember the following equivalences : 
30 miles per hour=44 ft. per sec. 
1 mile per hour—44:703 ems. per sec. 
1--3:1415 ; 3°1415 radians—180* 
1 em. per 8ec.—:0328 ft. per sec.]: 


Exercises ow Cuaprer IT 


Reference : 
Art. 20 ` 1, An object needs 3 seconds to fall down vertically 

from rest from a height-of 144 foot. Find its acceleration. 
[W.B.H.8—1971] 

F Ans. 32ft./sec.*. jsp ha 
Art. 20 2. Derive the relation s=ut+ 4ft”. 

(Del. H. 8.—1949 ; Anna. U.—1950) 
Art. 20 3. A train, starting from rest, travels with uniform acce- 
; leration and acquires a velocity of 60 miles’ per hour in 

2 minutes. Find the acceleration and the distance € 
over in the time. (C. U.—1957) 

Ans. f=})ft. per sec.” ; 5280 ft. E 

Art. 20 4. A train travelling at the rate of 30 miles per hour is 


stopped in 1 minute by putting a brake. What is the retar- 
dation and for what distance was the break applied ? 
Ans. 4} ft.[seo.? ; 1 of mile. 
.20 * 5. A body moving with uniform acceleration describes 76 
Hé ft. in the petted ‘and 116 ft, in tho 10th second. Find 


the distance it passes over in the 15th second, 


Ans. 156 ft. 


46 INTERMEDIATE PHYSICS 


6. A train starts from rest with an acceleration of 0:5 
ft.|sec.? and at the same timo a dog starts off and runs 
llel to it with a constant velocity of 16 miles an hour. 
tw far will the dog have gone before the train overtakes 
‘him and what time will have elapsed ? 
Ans. 2203:2 ft. ; 93:86 seconds. 


7. Two trains leave the same station on parallel lines. 


. The first starts from rest with a uniform acceleration of'5 


ft.[sec.? and attains a maximum velocity of 15 miles per hour 
which is kept constant. The other starts from rest 40 seconds 
after the first with a uniform acceleration of 1 ft./sec.? and 
attains @ maximum and constant velocity of 30 miles per 
hour. At what, distance from the station and how long after 
leaving will the second pass the first ? 
Ans. 1760 ft. ; 62 secs., when both the trains will have 

uniform speeds, 


8. The distance between the sun and the earth is 93 x 10° 
‘miles. Assuming that the earth moves round the sun ina 
circular orbit once in 365 days, find its angular velocity in 
radian per sec. and linear velocity in miles per sec. 

Ans. 1:99x 10-7 radians/sec. ; 18:6 miles/sec. 


9. State and prove the law of Mee of velocities. 

(Utkal U.—1955 ; Del. U.—1958) 

10. A river has got a current of 5 miles an hour and a boat 

is rowed across it with a speed of 4 ft.[sec. at an. angle of 60° 

withthe bank down the current. Find the resultant speed. 

basti the time to cross the river, if its width is half a 

le. 

Ans. 9:9 ft.[sec. ; 12 min. 41 secs.. 


ll. A body moving with a velocity of 8 oms. per sec, has 
an acceleration of 6 ems. per sec.? applied to it in a direction 
making an angle of 90° with its original direction of motion. 
Caloulate its final velocity and its displacement after 1 second. 


Ans. 10 cms. per sec. ; 8*5 cms. 


12. Rain dropsare falling to the earth vertically with a 
speed of 4 ft. per second. What should bo the speed of a 
cyclist on a level road at which the rain drops appear to 
strike him at an angle of 30° to the vertical ? 


` Ans. 23 ft.[sec. 


13... To a motorist going north at 30 miles per hour, the 
wind appears to blow from north-west. duele itis blowing 
from west, What is its true velocity and what is its apparent 
velocity 1 : 

From what direction and with what velocity would tho 
wind appear to blow to a motorist going south at 15 m. p. h. 


` Illustrate your explanation by diagrams. 


Ane. 90 m.p.h. ; 42-4 m.p.h. ; 26°34’ S of W ; 33-5 m.p.h. 


_ 14. Explain what you mean by ‘rolative velocity! and. 
how it can be measured, (0. U.—1960 ; Utkal U.—1954) 


—— 
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Art. 20 


Art. 23 


Art. 24 


Art. 24 


Arb. 24 


Art. 28 


Art. 28 


Art, 28 


CHAPTER Iit 
FORCE: NEWTON’S LAWS OF MOTION 


30. Inertia and Force—It is an inherent property ofa 
material body that without any external agency it cannot 
change its state of rest or of motion. Ifthe body is found to 
be at rest, it continues to be at rest for all time to come. If 
again, it is found to be moving, then in the absence of any 
retarding agency it keeps on moving for all time to come. 
This property ofa material body is called its inertia. When- 
ever a change of state is brought about, it must be due to some 
external cause, which is termed a force. Hence a force is that 
which acting on a body changes or tends to change the state of 
of rest or of uniform motion of a body. It means that any 
change in the state of intertia of a material body is brought 
about by a force. A force must have its (i) point of application, 
that is, the point at which the force acts, (ii) direction and 
(iii) magnitude. A force is thus a vector. 


31. Newton's Laws of Motion—The three laws of motion, 
first enunciated by Sir Issac Newton (1643—1727), are based on 
general observations of motion of material bodies and form the 
basis of Dynamics. The following laws were first published in 
his famous book **Philophiae Naturalis Principia Mathematica” 
in 1686. The three laws are stated thus : 


First Law—Every body continues in the state of rest or of 
uniform motion in a straight line, except in so far as it is 
compelled by some external impressed force to change that 
state. : 

Second Law—The rate of change of momentum of a body 
is proportional to the impressed force and takes place in the 
direction of the straight line along which the force acts. 


Third Law—To every action there is an equal and opposite 
reaction. 

32. Explanation of the First Law—This law consists of 
two parts. The first of these‘implies that a material body can 
not of itself change its state of rest or of uniform motion. It 
also states that a moving body, when not acted upon by an 
external force, will have free motion, that is, uniform motion 
in a straight line, Previous to Newton, Galelio Galilei (1564— 
1642) made several experiments on the motion of balls on an 
inclined plane and gave a preliminary idea that the motion of 
a body over a perfectly smooth ‘horizontal surface would never 
stop. Itis not possible to verify this experimentally, for we 
cannot make a body perfectly free from external forces. ‘Thus, 
owing to the resistance of the ground and of air, a very smooth 
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ball, rolled on the ground, soon comes to rest. If the surface 
were more smooth, the ball would roll on for a longer time 
and distance. The nearest approach toa free motion is the 
motion of a glass ball over a smooth sheet of ice or on a marble 
floor in the absence of wind. 


The second part of the law furnishes us with an idea regard- 
ing the function of a force. Thus (i) a force changes or tends 
to change the state of rest of a body ; and (ii) a force changes 
the state of motion of a body, by increasing the speed or by 
decreasing it. The law also implies that the force, which is 
to produce a change in the state of rest or motion of a body, 
must be externally impressed, that is acting from outside on 
the body and not stresses or internal forces between the parts 
of the body. Itis then evident that the effect of inertia may 
be of two kinds, namely : 


(i) inertia of rest, which means that a body at rest hasa 
tendency to remain at rest ; 


(ii) inertia of motion, which indicates that a body in motion 
tends to preserve its motion. 


Illusrtations of Inertia of Rest—To show the effect of inertia 
of rest of a body, take a ball B and place it on a rectangular 
card C just above a hollow cup 

B fixed, on a vertical stand S (Fig. 

= ' 46). The base is provided with 

a metal spring R which can be 
swung aside and fixed to a clamp 
Lon one side, Now fix the spring 
to the clamp as shown in the 
figure. On releasing the clamp, 
the spring jumps back and strikes 
the card which is thrown off, 
while the ball owing to its inertia 

Fig. 40. — of rest does not move forward 

bnt slips down into the cup. 

A bullet fired against a window pane makes a clean hole 
and not cracks. The glass surface, near about the place where 
the bullet strikes, cannot share a quick motion of the bullet 
and remains at rest. When a motor caror atram car starts 
and rapidly picks up speed, a passenger standing or sitting 

~ loosely in the car falls backwards. The lower part of the body, 
being in contact with the car, shares the motion but the upper 
part tends to maintain a state of rest. In beating the dust off 
acoat by a stick, the coat is. suddenly set into motion; while 
the loose dust particles, tending to remain at rest, fall off. 


— — LAN 
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the rope and its’ other end is ‘coiled over a: wheel: Tlie:top» of: the 
crane (Fig. 62) isin equilibrium under the action of three fortes; viz: 
(1) the load W hanging vertically downwards, (2): the thrust. R..on 
the jib, and (3) the pull P of the tie-rope. Let ab; represent i W. ini 
magnitude and direction. i T aeBston 
Draw be parallel tothe f 
tie-rope and ac parallel to 
the jib, meeting each other 
at c. Then bc and ac 
represent P and R. respec- 
tively. Thus the three ^w 
forces, being represented 
in magnitudes and direc- 
tions by thesides of the - ed Sr cr 
triangle abc, taken in Fig.62; Simple Crane °° > 
order, are in equilibrium. In this condition a little more pull by the 
tie-rope will lift the load with a slow motion. It is evident that "the 
heavier is the load pulled by the’ tie-rope, the greater is the thrust on 
the jib. So the jib rod must be very rigid and the base of the crane 
must beverystout. ^ : UC p AUC M MTS MEA 
42, Moment of a Force—Let a solid wheel be fixed about an ‘axle 
AB about which it can rotate freely (Fig. 63). To give it "a. rotatiot 
the easiest way is perhaps to hold its rim at any point and to pull E 
tangentially. If we pull in any direction other than the tangent then 
we have to exert a greater torce to give it the same amount of motion! 
If the wheel is provided with a number of slots to which nails can bé 
fixed we can fix up a nail at any slot and tie a piece of cord to- thé 
nail, and by pulling the cord in any direction we can set the wheel int 
motion. By fixing up nails at dtfferent slots and pulling the cord in 
different directions. We find that the rotatory effect of a force in 
such a case depends on (7) the magnitude of the force, and’ (i) the 
line of application of the force with respect to the axis or, more pro+ 
perly, the perpendicular distance of the line of action of the force 


from the axis of rotation. 


1 PES 


The tendency of a force to 
produce rotation of a body is 
measured by a term *moment' of 

- the force. ‘The moment of ' à 
force about an axis is measured 
by the product of the force and 
the perpendicular distance of its 
line of action: from the axis, 
Since the rotating body may be 
of any shape and size whatsoever, 

we may generalise that if a body, 
is at O, be acted upon by a force F, and if 

r distance of its line of action from O, then 

x OA. The perpendicular distante is 

it becomes easier to open orto 


whose axis: of rotation 
OA be the perpendicula. 
athe moment ofthe force is Fi 
called the arm of the force. Thus 


P+1/G—4(a-h) 
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close a door by turning about. its hinges, if the force is applied  per« 
pendicular to the surface of the door and as far away from the hinges 
as possible. Again the moment of a force vanishes, if(i) the force 
itself is zero or (ii) its line of action passes through the axis of 
rotation. The moment is a vector quantity. 


If the rotation is anti-clockwise, the sense of motion is taken to be 
positive, whereas if the rotation is clockwise, the sense of motion is 
negative. In figure 64 the moment F, X OA is positive, while F, x OB 
is negative. When two such opposing moments simultaneously act 
upon a body, it would move in the direction of the larger moment 
and the resultant moment is F, XOA—F, XOB. Ifthe force and the 
distance from the axis are expressed in C.G.S. units, then the moment 
is given ina unit of dyne-cm. In the F.P.S. system it is expressed as 
poundal-foot. ln M. K..S. system the unit is newton-metre, The 
dimension of moment is the product of a force and distance which 
is MLT ?XL—ML'?T^?*, 9 

So, if a rigid body capable of turning about a fixed point is acted 
on by two forces, such that their moments about the point are equal 
in magnitude but opposite in sense, the body remains at rest. If a 
body, under the action of any number of coplanar forces, be at rest, 
then the algebraic sum of moments of all forces about any point in. 
their plane is zero, 


43 Moment of Inertia and Angular Momentum—lIt has already 
been explained in Arts. 31 and 33 that the innereat property of a 
material body is to maintain its state of rest or its state of motion — 
which is called. its inertia. Dueto the inherent property the body it - 
requires an external force to chang: it’s state of rest or of motion and 

, the force, is, by: Newton's Secona Law, proportional to the accelera- 
tion.of the body, The constant of proportionality between the force 
applied and the acceleration generated is called the mass. So inertia 
is not exactly the mass but a property, associated with it which tends  - 
to. conserve its state of rest or of uniform motion. But it is an 
observed fact that if mass is increased, the force required to give it an 
equal acceleration increases proportionately and this is due to the 
increased inertia of the mass, 


=o Mhen.a material body. possesses a rectilinear motion (Art. 17), 
each elementary. particle, of which the body is composed, has got) an 
equal translational velocity at any instant. 
Let the mass M of the body consist of n 
particles having masses 7n, , 715, its; . n. 
Since each particle has got the same velo- 
city.v,the sum of all the linear momenta — 

fi of all.the particles of the body is given by | 
cn may Ma Vt... HMw m (m Hm +... v= c 
My. 23 (43,1) 


+ "To change this linear momentum a force is necessary and this is 
due to its property of inertia. i Boek Lat Y liso 
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. If now this body revolves-uniformly round a fixed axis through O 
with an angular velocity o, its linear momentum is zero; since the body 
as a whole ‘has no motion of: translation’ (Fig. 65).' But to increase 
or decrease the angular velocity, a force 'would have to be applied on 
the body whose line of action will pass through a point not lying on 
the axis of rotation. ` This means that the effect of the force is depen- 
dent upon the magnitude of the force as well as the distance of its 
line of action from the axis of rotation. Thus the moment of the 
force can only produce a change in the angular velocity of the body. 
Itis evident that, while a force produces a change in the instanta- 
neous linear momentum of a body, the moment of a force is capable 
of producing a change in the moment’ of instaneous momentum of a 
rotating body. à i i pei 

Consider now the particles m, , 73,...m at distances ra, 723.067) | 
respectively from the axis of rotation at O (Fig, 65). Each particle is 
having a uniform circular motion with an angular velocity o. Le 
Vis Vg. Pa be their tangential velocities, at any point in their paths. 
Then the linear, momenta of the particles at any instant are given by - 
mV. M, V3,- MPa Now taking moments of all these momenta 
about the axis of rotation and adding them, we get the expression. 


MY EM gal at. HM 


But we know v,—r49,/g—7,0,....-, Y=". Thus by substitu- 


ting these values, we get the following condition.— j 


Moments of instantaneous momenta of the particles composing 
the body (n, r, ? - Marg F oMr n?) i 
=oymr? ...(43,2) 
where as usual X dcnotes the summation of the product of alli the 
masses of the particles and the corresponding squares of their dis- 
tances from the axis of rotation. 


The term Smr*’is called the Moment of Inertia of the body about 
the given axis of rotation and is generally denoted by T. The value 
of the moment of inertia depends upon the mass and-shape of the 
body as well as on the position of the axis of rotation. ` The moment 
of momentum is also called the angular "momentum. "Thus we can 
write ; 

Angular Momentum ofa body-lo — . 

-: Moment of Inertia x Angular Velocity. 


The unit.of moment of inertia iñ the C.G.S. systém is gram’xcm.? 
and its dimension is [ML?] If M be the mass of the body, then we 
can write of xmr?—MK?, where k has the dimension of a length. 
The value of k depends upon the shape and the position of tbe axis 
of rotation and is called the. radius of gyration.of the body about the 
given axis of rotation. For evaluation of moment:of inertia in cases 
of regularly. shaped. bodies; reference is made to the Supplementary 
Appendix C to Intermediate Physics. aint io ER AA 
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C4. Parallel -Forces— Forces, whose:lines of action’ are parallel, 
are termed parallel:'forces. Two parallel forces acting along the same 
direction care ‘said to .belike, while: two. parallel forces acting. in 
opposite parallel directions vare termed (anti-parallel) unlike. parallel 
forces; tom ini . M v vi i j 
n ) 8L 16 ) $ I D 
_ Two Like Parallel Fore:s.—Let p and q be two like parallel forces. 
acting, at two. points A and B of a body (Fig. 65), . Since these two 
parallel forces; act, along the. same direction their resultant is evi- 
dently p--4.. To find the point of application of the resultant, we 
can make the following construction. Join A and B by a straight 
line... Impose, two equal and opposite forces ‘s` at A and B. These 
iwo equal forces will not disturb the action on the body. Now, 
compound force p=BD with force s=BE; their resultant is BF. 
Again compound force g=AC with s=AG and get the resultant AH. 


£ 


duoda v B G61 1o bitum T Yo 1 Fig..67 
meeting AB at fe) J£ OR of length p+q is drawn parallel to any one. 
force, then OR is the resultant and O is the point of application. To 
find the position of O, we see that from similar As, HCA and AOP,. 


FO .4 g 
AO-CH>s’ 
* „Also; from similar ^? BOP.and FDB, 
qud ori is gb sie 
xs ic | OB7DE^s 


| Mo Po+Ao4—op.? whence AOX q—BO*p “or, p ., ^O, : 

: x ti ur foftaame 3 1o ne 7 i q BU rig 
YX'^So'thé point 'O divides ‘AB internally in two arms‘or segments. in 
he inverse ratio of two respective forces. ^ 151a] o) J xibnoqqgés 
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Two Unlike Parallel Forces.—Here p—AC and q—BD (fig. 67). 
As before impose iwo equal and opposite:forces. s. and. find:the 
resultants. These two resultants, AH and. EB meet.at P.. At P. then 
there are two equal and jopposite forces s s.and two unequal forces 
p and q acting along OP drawn parallelto any force p.or.q. If p is 
greater than g, then the resultant is p—4... To find the point of 
application O, it can be shown from similarity of triangles, that «s 
OP OA OP OB , ET p; OB: 
,; an my; ^ pXOA-qXOB or, QA 
So the line BA is produced externally at a point A, so that this 
point divides BA externally into two arms or segments in inverse 
fd the forces. . The resultant is the difference of the two. forces 
p and q. y ae e: 


L] G £ 

444. Couple—Two unlike parallel forces of equal magnitude, cons- 
titute what is;called:a couple (Fig. 68). .,The effect,of a couple upon. a 
body is to rotate,it and the, rotational tendency depends | on. (i). the 
magnitude of the forces constituting the couple and (i7) the perpendi- 
cular distance between the two forces. The perpendicular distance 
is called the arm of the couple. ARE in! MM] V dlc od. n 

Hence the moment of a couple is mea- 
sured by the product of one of the forces 
forming the couple and the perpendicular _ 
distance between their lines of action. 
The moment of a couple is also called the 
Torque which is a. vector... ‘The moment of 
a couple in.the anti-clockwise direction is 
taken as positive, and that in the clockwise. - 
direction as negative. A couple can be 
balanced by another couple when they 
act in the same plane or! in’ parallel 
planes and when the moment of one is 
equal and opposite to that of the other. 


'*45. Application of Newton’s Laws in. Circular Motion— 
Newton's laws of motion can.be applied to. bodies in circular motion, 
The laws may be stated thus.— : oss 

I. Everybody continues in its state of rest or of uniform circular 


motion about an axis through its centre of mass, except in so faras it 
is compelied by some external impressed torque to change that state. 


B of change of angular momentum is proportional to 
the sys o d ako ip re the same direction of rotation in 
which the torque acts. ~> P 

II. To every rotational action there is an equal and opposite 
reaction. ras Uu Menisini o bao. voit 1919204 
—The first law states that a. material body: of 2 
d volume cannot of itself change its state of rest 


w 


1 


Explanation 
definite shape an 
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OP uniform’ circular motion; “If! it is found tö revolve, its speed of — 
revolution’ persists. But if the speed of revolution is found to - 
change, its mass, shape and volume remaining constant, then it must 
have been due to an es ternal torque acting upon it. Illustration of | 
‘this law is obtained in continuous and uniform rotational motion of — 
heavenly bodies. The speed of diurnal tevolution of the earth will | 
remain the same at all times until or unless an external torque acts — 
' upon it. : 3 
"The.second law gives a quantitative definition of a torque or the 
turning effect of a couple. If I be the moment of inertia of a body 
With reference to its axis of rotation and w be its angular velocity, 
then the angular momentum of the body is measured by the product .— 
of the moment of inertia and angular velocity. Thus the angular — 
momentum is I o, . i 
"Let a body having an initial angular velocity o, be acted upon 
by a torque T for t seconds and let its final angular velocity bé og. ' 
Then the change of angular momentum in ¢ secs.—1o, —lo,. ; 
+. the rate of change of angular momentum 


TT. a =I, where €=the angular acceleration 


of the body. — 


. Thus when a is a constant to be suitably chosen then by the 
Second Law, I« e T, or, T=al¢ no CONE 9 


Now unit torque is now defined to be that which produces a unit — 
angular acceleration upon a body possessing unit moment of inertia. 
By ION of this definition; the constant à becomes ‘unity.*’ Hence 


Conservation of Angular Momentum ; . Third. Law . illustrates 
the principle! of conservation, of angular momentum. Thus, ifa 
revolving body of angular momentum lrwy be coupled with another 
revolving body of angular momentum 1,,, the ‘total angular 
momenta of the system, which ‘is the sum Of the two angular 
momenta, ie, ['«--150, remains thë same in any particular, 
direction of rotation. * EE 
“Example er 19 


oy A fly-wieel, having a moment of inertia of 100 1b; ft2 and revolving atthe rate. 
of 400 r. p^ m. is stopped by a brake in course of 5 seconds. Find the controlling 
torque. Calculate t.e force of friction on t.e brake when it is plaeed on the rim ` 
of fly-wheel, having a radius of 6 inches P 

Wf instantaneous angular velocity w be represented by X. then the angulat — 


acceleration at the end of interval ¢ is © .. 7/40)_ d?0. _ ue 
> is Waa ai: £. Then we get torq 


a tog piatim g- tar ; ! 
T2340 1o This is an well known equation in Dynamics. 
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Ans. The initial speed=400 revolutions per minute="0 revolinions! per 
second=m, say. P i i 
*. tue initial angular Velocity =2rn=2X 314x20 41:86 radian/sec. 


Now the fina! angular velocity--0 and the duration of interval r=5 secs. 
*. the angular acceleration 4 = 41°86 8.37 “radians Per sec. per sec, | 


Thus torque T=100x8:37=837 foot-poundals, f 
Again, force=torque+ perpendicular distance- 837. = 1674 poundals. 

46. Uniform Motion in a Circle—Imagine a material ‘particle to 
be moving uniformly in a circular path. At any point in its path the 
particle owing to its inertia has a tendency to move along the direc- 
tion of the tangent at that point. For example, at the points A, B, C, 
and D in its path of motion, it possesses tangential Velocities 
represented by AM; BN, CP and DR respectively A. 
(Fig. 69). Illustrations of tangential motion are 
found in the following cases: Pieces of mud 
sticking to the rims of the wheel of a carriage 
are thrown off tangentially when the wheels rotate ! 
rapidly. The effect necessitates the use of mud: 
guards in vehicles. A piece of stone is tied at the 
end ofa string and is whirled round over the = °—~g7- 
head in a circle by holding the other end, in the Fig 69 
hand. If the string is suddenly released, the stone ad 
is found to fly off ina straight. line tangential to the circle. Such 
cases illustrate the fact thatevenifthespeed over the circular path 
remains constant, the direction of motion is changing from point, to’ 
point. Hence there is a continuous change of velocity, as the particle: 
moves over the circle. The change of velocity is equivalent to an 
acceleration towards the centre of the circular path. ~ atoia 

Normal Acceleration in a Uniform Circular Motion—Let a particle 
move with uniform speed v along the circumference of a circle of 
radius r and with centre at O. “Let the particle describe a small arc 
AB (Fig. 70) in a short interval of time f. pins 

At the point A draw a tangent AD representing the direction of 
motion of the particle, Similarly draw another tangent BE at B. 
Let the two tangents meet at C. Cut off two equal lengths CD and 
CE from two tangents and let these represent. velocities at A and B. 
Then the change in velocities during the period f, in which the 
particle moves from A to B, is by. the triangle of velocities 
represented in magnitude and direction by the side DE. _ d 

Let Z AOB be 0. Elementary geometry gives Z AOB= Z DCE. 
. From C draw a perpendicular CF on DE. Since A DCE is 
isosceles and perpendicular is dropped from the vertex C, 


ZDCF-4ECF- j 


A M 


Now DE=2DF=2CD sin DCF-2v sing, | 000, 


jer 
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--5 This value of DE. represents the total change» of velocity as. it 
C p Moves from A to B. If now we assume Pel 

ES the arc AB grows smaller and smaller until it 
F becomes a very small arc at A, the value of DE 
_ would then represent the change in velocity at ` 
A...Now: as the arc becomes smaller, 0 also 
. assumes a-smaller Value and for an infinitely 
smallarc,sin 6—0 in circular measure. Thus _ 


the change in velocity at A—2v sing = P) 


Fig. 70 
Thus the accelerafion at A is Cine velocity 90. o». dig] = 
where js the angular velocity of the particle. À 


Again ZADF=180°—/DFC~ LDCF=90°—8, < ... (462) 


When we consider the acceleration wv over a very short segment 
about A, ‘6 becomes infinitely small, 7 ADF from equ (46,2) is very 
approximately 90°. This means that the direction of acceleration 
sensibly coincides with AO. Hence the acceleration of the particle at 
any point in its path is towards the centre of rotation. This is called E 
normal acceleration, Now since y=or, the e 


: : "Y 
normal acceleration ove =, «++ (46,3) 


` 47. Centripetal Foree—Whenever thereis an acceleration of a 
body in a certain direction, it: must: be: assumed. from Newton's 
Second Law that a force acts on the body in- that direction. Hence; 
a force must be acting on the body in a direction towards the centre 

- of the path of motion to generate its normal acceleration. The force; 
which acting on a body in a direction towards the centre of the circle 
makes it move in the circular path, is: known as the centripetal force 
(Lat, peto, to seek), because the force always. seeks or acts towards 
the centre, If the body be of mass m, the magnitude of the centripetal 
force is then its mass X acceleration, which is zv?/r. In the experiment 
with the stone and the string this force is exerted by the hand, 
placed at the centre of rotation on the revolving body, through the 
string in form of tension towards the centre (Fig. 71). 

It is to be carefully borne in mind that in all cases where à 
material body revolves in a circular path. the centripetal force is 
always to be supplied to the revolving body in a direction towards 
the centre. ` The active force may be any one of the following types, 
namely,—mechanical tension or thrust, PAL SL eR " 
gravitational attraction, electric. or Yo mM. By E 


“Magnetic force. © — ' ) 2d mi 1 
Since every action has an equal and eI a eee 
Opposite reaction, the particle moving : ] 


uniformly in a circle exeits a force, Fig. 71 
directed away from the centre which. ^77 ace. |o o 
/ is called the centrifugal force (Lat., fugio, to fly). The force is 
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exerted by the rotating body at the centre of the circular path. In the 
experiment of the stone and the string, this force is exerted by the 
stone on the finger at O through the string, whereby the string is put 
under tension. It is to be noted that the centrifugal force is a reaction 
due to the centripetal force, With the stoppage of rotation, the centri- 
petal force vanishes and so the centrifugal force at once cases to act. 
and so the centrifugal force is sometimes called a pseudo force. 
The unit and dimension of a centrifugal force are similar to those of 
an ordinary force. 

On simple assumptions of a tangential uniform speed and a normal acceleration, 


the result of a circular trajectory can be established in the following manner. Let 
$s be the short length of an arc passed over by the point mass in a time ot. 


: 2 2 
The velocity v=% and normal acceleration - "5 —f— 1 8) : 
or r T Not 
Where r is the instantaneous distance from the attracting origin, Dae to normal 
attraction in a short interval af it tends to move towards the origin through a small 


distance àr' given by dynamical equation, 
jv? as 
=0+4 f 9222) or? also r= 28 
or 0+5 fo ^ ô 5 


r= y? os? Ll I (dx?-- dy?) in rectangular co-ordinates, j 
r y? 2r 2r 
or, 2ror-ox?--8y? or, by integration 2 f rar= f ôx? + fay? 
whence r2=x2+y2 representing a circle, 
Examples : i 
. A ball of mass 0'1 Ib. at the end of a. string is whirled at constant speed in a 
hone plane. If the radius of the circle is 4ft. and the speed of the ball is 
10 ft. per sec., calculate the magnitude of radical acceleration and tension of 
the string. [C.U.] 
Ans. The tangential velocity v —10 ft./sec. 


: 2 
., the normal aceeleration="— = m ft./sec,2=25 ft./sec.2, 


2 
The tension of the spring 7- —04 x25 poundals—2:5 pound als, 


Í cket containing water is tied to one end of arope 8 ft. long and 
P tne other end in a vertical circle, Find the pe nea number of 
rotations per minute in order that water in the bucket may not spill. [Pat 0] 


poji he bucket is atthe topmost position, it has 

of rotation when the bucket is at the toj : 1 
its ani ORNATUS and water has a chance to spill; but if the weight of water 
be equal to the centripetal force necessary for rotation, there would be no 
resaltan force on water and it would not spill. If m be the mass of water, then 
mx32—=mx8X w=mXx8x4r2n2, when n=frequency of rotation per second ; 


whence 72n2=1, or, n= 1 per sec.— 3h per min. —19:05 rotations per minute. 


s me Practical Illustrations of Centripetal Forces—The 
pecias ae a few cases of equilibrium in circular motion b 
Motion of Planets— It is well-known that the planets revolve round 
the sun in definite orbits, For simplicity, let us assume that the orbit 
is circular and that the sun forming the central mass is e in space. 
Let the mass of the sun be M, and that of a planet m revolving 


i tant speed v in a circular orbit of radius r. , t 
de tne Satie planet may execute uniform motion on a circle, 


Pt.I/G—5 
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centripetal force mv?/r must haye to act on the planet in a direction 
towards the sun which means that the sun has got to attract the planet 
with such an amount of force. An investigation regarding the origin 
of this force led Newton to discover the universal law of gravitation, 
according to which there is mutual force of attraction between the 
sun and the planet, the force being G x Mm/r? (Chap. IV), where G 
is a constant. This force is equal to the centripetal force mv?/r acting 
on the planet. i PN. 

. GMm my? LE LIMEN PI 

Fi LEE E ; whence M nog d^ 
where o is the angular velocity of the planet. The angular velocity of 
a planet can be measured by astronomical observations. Thus know- 
ing r and G, the mass of the sun can be calculated. The illustration 
given above is one in which the centripetal force is of gravitational 
origin. 

The picture of an atom is almost a miniature solar system. With- 
inan atom minute electrically charged particles, known as electrons, 
keep continuously revolving round a central positively charged body 
known as nucleus, In such cases the centripetal force of attraction 
supplied to the revolving electrons is of electrical origin. 

Allthe above casesare illustrations of dynamic equilibrium ; the 
system asa whole does not change its configuration due to motion 
within it. If the motion stops, there is no centripetal force acting on 
the revolving body and the dynamic equilibrium is lost, The revolving 
body, therefore comes directly to the central mass due to the mutual 
attractive force. 

Some very instructive conclusions may be derived from the kind 
of equilibrium stated above. If the body while rotating in a circular 
orbit, experiences an attracting force towards the centre greater than 
that required to keep it revolving in the particular orbit, the equili- 
brium would be lost and the body would -be urged toward the centre 
with a force equalto the difference of the attracting force and the 
centripetal force in that orbit. The revolving body, therefore, having a 
constant tangential velocity throughout would come nearer the central 
mass in a path of gradually decreasing radius somewhat like a spiral. 
But during this process of advance as the distance r diminishes, the 
centripetal force mv?/r gradually increases. Ultimately when this 
force is again equal to the attracting force, a fresh equilibrium sets up: 
and the body continues to revolve in a circular orbit, Therefore, an 
increase in the force of attraction would make the body revolve in a 
circular orbit of a smaller radius, while a decrease of force would 
make it move in an orbit of a larger radius. 

-i | Bodies on the Surface of the Earth—Let m be the mass of a body 
at any point on the equatorial region P on the surface of the earth. 
Let M be the mass of the earth and let 7 be its radius in this plane 
(Fig. 72). Let the attractive force on the body exerted by the earth 
. be w, when both are supposed to be rest. This is the true weight of 
the body at that locality. But as the earth revolves on its axis thé 
body shares an equal motion with it in a circular: orbit of radius 
witli'a/speed'5) Sai in Moisi PSIK vem Jeg sti ibo ni 


ws (48, 1) 


ch Ig 


p 
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In order that m may revolve in a circular orbit, a centripetal force 
of magnitude my?/r would have to act on m towards the centre. 
There being no other force present, this force 
is derived from the attractive force w. Thus x 
the apparent weight w’ of the body on the és 4x 
equatorial section of the revolving earth is CE M 

[4 
SRW 


2 
wim Therefore the loss in true weight of SRK 


SSNS 
m depends upon the speed of rotation of m 
which in turn depends upon the geographical 
latitude of the locality. It may be argued 


from a mathematical standpoint that this reduc- 5 
tion is due to a force mv?/r always acting on m 
opposite to the direction of w, due to its circular Fig. 72 
motion. But this is not actually true from the physical point of view. 

For a discussion of apparent weight of the body at a region other 
than equatorial surface, the reader is referred to Art. 54, Chap. IV. 
If the body is placed at any higher latitude such as R, the body 
reyolves round a smaller circle; and consequently the tangential 
velocity, to which it is subjected, is smaller. Hence the part of the 
true gravitational force contribution to the centripetal force becomes 
less. At the poles this centripetal force vanishes and there is no. 
reduction in the weight of the body. 


Motion of a Cyclist on a Circular Path—A cyclist while taking a 
bend along a circular path automatically leans his body out of the 
vertical towards the centre of the circular path. If the cycle and the 
rider be taken as one body of mass m, their weight mg acts vertically 
downwards (Fig, 73) through the centre of gravity C (described later) 
of the system. Let mg be equal to a length CD. The only other force 
is the reaction R of the ground whose line of action passes through 
the track G of the wheels and centre of gravity of the system, Let 
the reactive force R be CA and mg be AB. 
The resultant of these two forces, which 
is CB in direction and magnitude, is the 
necessary centripetal force generated. 
For simplicity, we can also assume 
that the ground reaction can be resolved 
into two components; one, acting verti- 
cally upwards and the other acting hoti- 
zontally towards the centre of curvature 
of the circular track. The vertical com- 
ponent balances the weight of the system 
and the horizontal component gives the 
necessary centripetal force to the system 
to revolve in the circular path. , 


Thus the greater is the speed ‘or 
curvature of the path, the greater is the 
centripetal force and the further the 


Fig. 73 
* cyclist is to incline himself. If he leans too much the ground reaction 
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may not be sufficient and there will be a side slip. Similarly, in a 


‘circus show when a horse is running along a circular path, both the - 


horse and the rider are to incline their bodies inwards. If R be the 
ground reaction and 0 the inclination of the cyclist to the vertical, then 


2 
R sin p and R cos 0—mg 


2 
whence tan =% wee (48,1) 


Banking of Tracks—The level ata bend on a railroad or in a 
racing track for motor car is constructed a bit inclined, so that the 
outer rail is a little higher than the inner one. The line HL is the 
level of a railway track at an inclination 0 with the horizontal plane 
HH (Fig. 74a). The reaction R of the rail on the wheel may be 
resolved into a vertical component DB and a horizontal component 
AD (Fig. 74b). The verti- 
j cal component supports 

Vp the weight mg ofthe car- 
riage, while the horizon- 


the necessary centripetal 
X||" force m»v?|r. There is 


mum speed limit at every 


A t ! 
fe i A À 7 c 
Lii l bend of a railway track. 
" If a small can filled 


| THERE resa A'D with water is rapidly 
m! 


H u z  swung in vertical circle, 
the water will not fall 

@) ; (b) down, even when the 

Fig: 74 bottom is at the upper- 


most position. In the laboratory, fine crystals in a liquid are collected 1 


by putting the liquid into a pair of test tubes held in a suitable 

frame. As the frame is rotated rapidly, the test tubes revolve quickly 

and the solid particles tendind to fly away collect at the bottom of 
` the test tubes. This principle is utilized in an apparatus known as a 
- centrifuge. 


A very simple apparatus for demon- 
Strating centrifugal force consists of a ES Perd e 
uniform highly polished rod R of round : 
-cross-section placed horizontally being z 
-fixed by two cross-bars at its ends (Fig. TLR) 
: 75). Two metal balls My and M, having EY | 
diametrical holes can slide over the rod % | 
‘with very small friction. The rod is fitted 
to a vertical shaft S fixed to a turn table. 
The balls are brought to the central - Fig. 75 
Position of the rod. If now the 
"frame is rapidly rotated the balls would move away in diametrically 
~ Opposite ends of the rod due to centrifugal forces. 


SRAM 


M tal component supplies © 


always a caution formaxi — 
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Flattening of the Earth at the Poles—The earth in its infancy 
consisted of a mass of molten matter. As the earth continued to 
revolve about its axis, every portion of matter composing the earth 
revolved—the tangential velocity in rotation gradually increasing. 
from the poles to the equator. We know that centripetal force 
necessary for rotation is greatest at the equator and is zero at the 
poles. The necessary centripetal force could not be supplied by 
gravitational and other forces of attraction at the equatorial region 


Fig. 76 Fig. 77 


at the semi-solid state, and as a result that portion of matter in 
tending to move away tangentially selected a greater distance from: 
the polar axis, such that the reduced centripetal force could be equal 
to the resultant attractive forces. Here a fresh equilibrium was set up. 
Consequently, the earth became bulged at the equator taking more 
matter from polar end, which flattened the poles. The outer layers. 
of the earth, due to gradual cooling have become solidified in course 
of time and have taken permanent flattened shape. 


The model, as shown in Figure 76, shows the nature of flattening. 
of the earth due to rotation. Tt consists of a central rod SS and a cir- 
cular hoop with some pieces of thin strips I attached to it. The hoop- 
is fixed at the bottom and at the top it is attached to a collar C, which 
can slide up and down the rod. When put into rapid rotation, each 
particle of the strip tries to move outwards, as a result of which the 
collar slides down the rod. The extent of the sliding depends on the 
elasticity of the spring and the speed of rotation. Thus the hoop 
takes a form flattened at the ends and bulged in the middle (Fig. 77). 


Speed Governor—This is a device which is based on the principle 
of circular motion and is used to regulate automatically the maximum 
speed of an engine. It consists of a vertical central spindle S, at 
the top of which two other rods RR carrying balls BB are hinged 
(Fig. 78). Each ball is partially supported by a rod T resting upon a 
collar C regulating a safety valve of the engine (not shown in the 
diagram). The weight of the balls supplies necessary thrust on the 
rods to close the valve. As the speed of the engine increases, the 
vertical rod being geared with it revolves more. and more speedily.. 
The balls also revolve about the rod as axis. The horizontal 
component of the thrust on the oblique rods resting upon the valve. 
supplies the necessary centripetal force for the circular motion of 
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the balls. When the speed increases to such a limit that this thrust is 
insufficient to keep the balls revolving in the particular orbit, the 
balls go farther apart, raising the collar and thereby opening the 
valve partially. The gas pressure is thus partly released and the 
speed of the engine diminishes. Such automatic governor are also 
fitted with the revolving system of gramophone or casset turn tables. 


Examples : 


1. Supposing the sun to be a star fixed in space, calculate its mass in tons, 
if the earth revolves round it in a circular orblt of radis 93x 109? miles in a fperiod 
of 365 days. [Given gravitational constant G— 1:066 x 10-? F, P. S. unit.] 


2T 
365x 24 x 60x 60 
, Let M be mass of the sun and m be the mass ofthe earth, If r be the 
distance between them, then the force of gravitational attraction is 


e m The centripetal force necessary for the earth for its orbital motion is 


~ Ans. Angular velocity of earth w= ='2x 10-® radian/sec. 


wer 


mv? Mm m? n vit _ w2r8 (ME l 
n Hence G Era T and since v— or, Ponti Substituting these values, 


we get,— 


^] iio masof Th —W?r? 04x 10712 x 932 x 1018-4 52808 
of the sun M EG. 1066x1079 Ibs, 
=4443 x 1027 Ibs.=1:9x 1027 tons. 


2. Calculate the inclination of a railway track at a bend of radius of curvature 
of 1000 ft. when the speed limit at the bend is assigned to be 45 miles per hour. 
[Given g=32 F.P.S. units.] 


Now 45 miles/hour— 66 ft./sec. 
. Ans, We have tan p! 66* 136 (approx), 


rg 1000x 32 
Hence 9=tan"136=7°48’ approximately (from tangent table). 


EXERCISES ON CHAPTER III 


- |. State and explain the Laws of Motion. 
XW.-B. H, $.—1971, '72; Dac. U. ; U. P. B. ; Pat. U.; Del. H; S.) 


2. A 10 gm. bullet is shot froma 5 kg, gun with a speed of 400 metres per 
second, What is the backward speed of the m 1 en 80 cm. per. sec 


3. A force of 100 dynes acts on a mass of 10 gm. for 5sec. Calculate the 
; Change of momentum of the body. Ans, 500C.G.S. (Del. U.; P. U.) 


: 4. “A constant force acts for 3 seconds on a mass of 16 Ib. initially at rest and 
then ceasesto act. During next 3 seconds the body describes 81ft. Findthe 
magnitude of force in poundals. (Dac U.) Ans. 144 poundals. 


5. A motor car of mass 400 Ib. is moving with a velocity of 30 miles per hour. 
By the application of brakes it is brought to rest in a distance of 10 ft "find the 
‘average force resisting the motion, Ans. — 38720 poundals. 
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. 6. State Newton's Second Law of Motion and show that P=mf. Define a 
unit of force, (Dac. U. ; W.B.H.S.—1969 ; Nag. U.; Vis. U.: Pat. U.; P. U.) 

. 7. State Newton's Third Law of Motion and explaiu it carefully. Show how 
this leads to the principle of conservatiou of momentum. 


(W.B.H.S—1980 ; C. U. ; Pat. U.) 


8. Anone ounce rifle bullet leaves the rifle with a velocity of 100 ft. per 
second, the rifle tending to recoil with a velocity of 2 ft. per second. Find the 
mass of the rifle. Explain the principle employed. Ans. 3125]bs. 
. .9. Define impulsive force and explain how the impulse of an impulsive force 
is measured. (Nag. U.; Utkal U.) 


10. Show that two spheres on collision will interchange their velocities, if they 
are of equal mass and are perfectly elastic. (Utkal U. ; Pat. U.) 


11. Four forces act at a point. The first is of 500 dynes acting due south, the 
second of 50 dynes acting due to west, the third of 400 dynes due north and the 
fourth of 100 dynes acting due east. What are the magnitude and direction of the 
resultant force ? Ans. 112 dynesin a direction 60*26' S, of E. 


12. Three forces in equilibrium act perpendicularly to the sides of a triangle 
ABC. Show that the forces are proportional to sin A, sin B and sin C. (And.U.) 


13. Define ‘moment of inertia’ and explain its physical significance. 

A disc and a block start from rest from the top of an inclined*plane. The disc 
rolls down, while the block slides down the same distance without friction. 
Compare their terminal velocities. (Poo, U.) 

14. A uniform bar AB is 4ft. long and has weights of 101b. and 201b., 
hanging at 1 ft. and 3 ft. from the end A. If it balances at a point 1 ft. 9 in, from 
the end B, what is the weight of a bar ? ' (P.U. Ans. 101b: 

15. A stone weighing 200 gm. is whirled round in a horizontal circle at the 
end of a string 60 cm. long with a speed of 150 revolutirns per minute. Calculate 
the tension in the string. (P. U.) Ans, 296x105 dynes. 


16. A body of mass 77 gm . travels in a circular path of radius 70 cm. with a 
uniform speed of 23 cm. per sec. What is the force that must act on the body to 


maintain the motion ? Ans. 581:9 dynes. 
17. What are the centripetal and centrifugal forces and what are their relations 
with a body moving on a circular orbit ? (Del. H. $.; Del. U.; P.U; 


Pat. U.; Cal.U.; And. U.) 


18. A stone weighing’6 Ib. is rotated in- a circle of radius 1 yd. with a 
of 10 ft./sec. Calculate, the centripetal force in pounds weight. ( 


Ans. 6'25 Ibs.-wt. 


19. (n) State Newton's Second law of Motion. Show how this law will give 
us a unit of force when the unit in mass - jai bea and the unit of acceleration is 
1 m/sec?, What is the name of this unit of force 

à m Ans. 1 newton. (W. B. H. $.—1978) 

(b) Explain what are meant by centripetal and centrifugal forces? Find an 
expression for centripetal force. 

A cyclist is moving on a circalar path of 20 m. radius at a speed of 18 km/hour. 
What is his inclination to the vertical. Ans. @=tan+013 (W. B. H. S—1978) 

20. (a) Why is centripetal force called a real force and centrifugal force is 
called a pseudo force. Briefly explain. 

(b) How is the weight of a body affected when it is placed on equitorial plane 
of the earth ? i s i i ope 

0 gm, tied with a string of length 20 cm. is rotated wit 

i). ode mes per sec. Calculate the centripetal 


i of 10 ti 
bond pith ananena ru ue Mins. 56210% dynes (W. B. H. $.—1980) 


speed 
P. U.) 
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21. Why isa centripetal force necessary to rotate a body in a uniform circular 
motion ? 


Show that wken a cyclistis going round a curved path of radius r witha 
uniform speed v, his bcdy must be inclined tke vertical by an ange 6 where 
tan 6=v2/rg, g being tke acceleration due to gravity. (W. B. H. S.—1982) 

22. A stone of mass 200 gm. is tied to a thin string of length 50 cm. and is 


whirled in a horizontal circle with its centre fixed. It is found to execute 5 rounds 
in every 2 seconds. Find tke normal acceleration and tke tension of the string. 


Ans. 12337:5 cm. /sec.2 ; 2467:5 x 108 dynes, 


23. A railway track has its centre of gravity at a Leight of 3 ft. above the rails, 
which are 4 ft, apart. What would be tke maximum safe speed at which it could 
travel round an unbanked curve of radius 108 ft.? (Gau. U.) Ans. 48 ft./sec. 


24.. A motor racing track isin the form of a circle of diameter 400 yards and 
is banked, so that the reaction betweentke wheels and the ground is normal to the 
track when the cars are travelling at 60 miles an hour. What is the slope of the 
track ? Ifa car is of mass of 1 ton, what is the centrifugal force on it, when going 
round this track at 60 miles per hour ? Ans. tan-*403 ; 2°89 10* poundals. 


. 25. A cyclist riding at a speed of 15 miles and tour takes a turn round a 
Circular bend of radius 44 ft. What is tke inclination to the vertical ? 
(g=32 ft.[sec.?) ' (Pat. U.) Ans. tanti. 


26. Calculate the angle which the bicycle and its rider must take with the 
vertical when going round a curve of 22 ft. radius at 10 milesan hour. What is 
the least value of the coefficient of friction between the tyres and the road which 
will prevent slipping? If the bicycle and tke rider have a mass of 200 Ib. what 
frictional force must be ground exert on the wheels? (Gau. U.) 


Ans. tandi, 612 Ib. 


CHAPTER IV 
GRAVITATION AND GRAVITY 


49. Science in Ancient India—During the period from the second 
century to the twelfth century A.D. there was a marked progress in 
India of the observational astronomy and its allied. calculations. 
Although there is no systematic record of the observational data, the 
results of the calculations reveal thatthe people of ancient India 
were very advanced in Astronomy, Medicine and Mathematics. 


Of those who came to the forefront in Astronomy, the names of 
Aryya Bhatta, Brahma Gupta and Bhaskar Acharyya are the most 
prominent. Aryya Bhatta, a Hindu astronomer, observed in his 
Tantra sometime inthe fifth century A. D. that the planet revolve 
round the sun in elliptic orbits. He calculated the periods of revolu- 
tions of the planet such as Mercury, Earth, Mars, Jupiter and Saturn. 
His results have been found very nearly correct by modern astrono- 
mers. He also discovered that that earth is round and .that the day 
and night effect on the earth are the due to its diurnal motion. His 
findings were later on verified by telescopic observations by Kepler 
early in 17th century. 
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The great exponent of Hindus astronomy, Bhaskar Acharya, 
flourished during the 12th century. He compiled one book ‘Siddhanta. 
Shiromani', which deals with various aspects of Astronomy and 
Mathematics. Here he calculates the possible height of the atmosphere 
which came out to be about 12 jojans (about 55 miles). The most. 
astounding of allis his diecovery of gravity and gravitation, which 
explains in following lines.* j 


*Whenever an object appears to fall to the earth, it is due to the 
attraction of the earth on it. Itis this mutual attraction between 
heavenly bodies which does not allow any one to leave its respective 
position or orbit.” This was subsequently independently discovered 
by Newton in the later part of the 17th century. 


Such was the ancient glory of India, which faded gradually from. 
the 13th century and became nearly extinct within the next four 
hundred years. . This dwindling of scientific culture was due to lack 
ofthe support ofthe State and co-rodinate enterpises to establish 
Schools of thought. 


50. Law of Gravitation—Johaan Kepler (1571-1630) after a 
continuous study of the motion of planets round the sun, came the 
conclusion that the orbit of the planets is not circular but is slightly: 
elliptical with the sun at the focus. He formulated the laws of plane- 
tory motion. Newton in an attempt to explain the laws discovered 
the Universal Law of Gravitation in 1666, as stated below : 


Every particle of matter in the universe attracts every other particle 
at any distance along the line joining them, with a force whick 
varies directly as the product of m! 
their masses and inversely as the FE QM e D: 
square of the distance between ©- id 2. ns EMI ik 
them. Fig. 79 


If F be the force of gravitational attraction between two bodies of 
masses m and m’ placed at a distance r from each other (Fig. 79), 


then Fomm’ ; also Fo. 


p, m ; = mm m " 
1 Fe, oc FECT (50, 1) 


where G is called the gravitational constant, which is independent of 
the nature of bodies. If we consider two bodies each of unit mass 
and placed at a unit distance apart, the force of attraction between 
these bodies would obey the inverse square law. Then according to 
equ. (50,1), if m=m =] and also r=1, then G=F in magnitude. 


wuehe w fara wel aad! | Were ga fume TAMIA | 
aga wq vada aft) SH WAT qaaa dl 
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In other words, the gravitational constant G is numerically aqual 
to the force of attraction between two bodies, each of unit mass and 
placed atthe unit distance apart. The gravitational constant has 
been experimentally measured by Cavendish, Boys and others. The 
determination has been later on carried to a still higher degree preci- 
sion by Heyl. The present accepted value of G is 6°6576x107§ 
'C.G.S. unit. This means that a body of mass 1 gram placed ata 
distance of 1 cm. from another body of mass 1 gram will attract each 
other with a force of 6*6576 x 107* dyne. 


*51. Determination of Gravitational Constant—The first direct 
determination of G was made by Henry Cavendish(1731-1810)in 1798, 
‘The apparatus consisted of a thin and light rod R of length of about8 
ft. from the ends of which two small identical lead ball bb, two inches 


in diameter, were suspended (Fig. 80). The rod. was also suspended : 


by a torsion wire FC from 
asupport. Two large lead 
balls BB each 12 inches in 
diameter, could be placed 
on opposite sides of the 
smaller balls at equal dis- 
tance, so thatthe centres 
of all the balls were on a 
horizontal plane. When 
the bigger balls were so 
Hf placed as shown in the 
Ne figure, each smaller ball 
n was attracted by the nearer 
. » Fig. w - bigger ball de to gravita- 
tae pull in horizontal direction joining the centres of the respective 
alls. 

The principle of measurement is as follows : The bigger balls are 
at first placed far away so as not to effect the smaller ones and the 
‘Position of the suspended rod is read with reference to the scales S 
attached to a vernier scale. Then the large balls are placed in posi- 
tion at equal distances from the corresponding small balls. Due to 
the attraction on the two small balls, a couple is exerted on the rod 
and this couple moves the rod through a small angle twisting the sus- 
pension wire. The angle of rotation can ‘be meaiured by knowing the 
length of the rod and the amount of its movement on the scale S. 

.  lfdbethe distance between the centres of a large ball and the 
‘corresponding smaller one, and M and m the masses of the ball, the 


"attracting force at each end ofthe rod is one, The two equal, 


parallel and oppositely directed forces constitute the deflecting couple 


Pn the rod whose moment is My l, where / represents the length 
-of the rod. If the tod is deflected through an angle 0, then the res- 
toring torque due to twisting of the wire is Có, where C is the torque 
per unit twist. Thus for equilibrium, 
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Mm, _ _ Cod? 
Gg 7C whence G- nl D (51, 1) 
Thus, knowing all the terms on the right-hand side of the equa- 
tion, the value of G may be found. 


The value of the torque per unit twist C is found by giving a 
small oscillation of the rod when the balls are removed and counting 
the period of oscillation. If T be the period of oscillation, I is the 


moment of inertia of the rod, then Tadg 


Examples : 

1. In one of Cavendish experimonts each of tte larger lead balls had a-mass of 
30 kgm. and was placed 40 cm. from the corresponding small ball, each of mass 
200 gm. The length ofthe suspension rod was 3 metres. The deflection on the 
scale was found to be 1:5 mm. Ifthe restoring torque of the suspension fibre be 
715 dynes per radian, calculate the gravitational constant. 


Ans. Ifo be the angular deflection of the suspension rod, then by the condition 


of the « periments tan fc linear deflection of one end ^ 115 io-s 


half the length cf the rod ~~ 150 
The value being so small, tan 0—0—10-? radian. 


Then by (51, 1) we have i 
Cod? 75x10-3x402 75x 16x 10-4 _ in p 
Me "IU ERO IE IU. nocd ook NN 


2. Calculate the gravitational force in poundals between two masses, each 
1 1b., placed 1 foot apart, given that G=6:6576x 10-8 C. G. S. Two, persons, 
each of mass 140 Ib., are sitting side by side with their centres of mass 2 ft. apart. 
Calculate the gravitational pull between them. T 
Ans As 1 1b.=453'59 gm., 1 ft.=30.48 cm. and 1 poundal=13,825 dynes. 
453-59 x 453:59 6:6576 x 10-8 _ 453:592 
a6 -8 = Pai 
F=6°6576x10"* ^ do NS 3985 — 3048? 
—1:0665x 10-9 poundal. 


Thus, when masses are expressed in lb; and distanee in feet, the value of 
G=1:0665x 10-9 F. P. S. unit. 
Now m; —ma-—140 Ib. and r=2 ft. 


F-10665 10-9 xU poundal--5:2 x 10-9 poundal. 


poundal 


52. Gravity—Gravitation is à general term indicating the force 
of attraction between any two material bodies. In the particular case, 
the gravitational attraction betweed the earth and any other body, 
either terrestrial or extra-terrestrial, is called gravity. Due to the 
force of gravity the earth and any terrestrial object on or near the 
surface of the earth attract each other equally, but as the mass of the 
earth is very very large in comparison to the mass of the body under 
gravitational force, itisthe body which is dragged towards the earth 
by the law of conservation of momentum. „This pulling of the body 
towards the earth’s surface is called the vertical fall of the body under 
gravity. Actually the body falls in a direction towards the centre of 
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the earth.* If the mass of the earth be M, the mass of an object on 
or near the surface of the earth be m, and the distance between the 
centres of the earth and of the body be d, 
the force of gravity F-o às (52, 1) 
It is due to this force of attraction that all bodies possess their 
weights and tend to fall downwards. For a similar reason a plumb: 
line, which consists of a long piece of thread with a bob at one end, 
when suspended, is attracted towards the centre of the earth and 
hangs in a perfectly vertical line. 


Acceleration due to Gravity—We know that a force acting on a 
body produces acceleration on it. So the force of gravity produces 
acceleration on all bodies falling towards the surface of the earth. 


From equ. (52, 1) the force of gravity F on a mass nm 
7. acceleration produced on the masse gen ON es (52,2) 


re The acceleration due to gravity is usually represented by the letter 
g’. As G and M are constants, the value of ‘g’ remains constant, so 
long as d does not change. Remembering that d is the distance 
between the body and the centre of the earth, the value of ‘g’ is cons- 
tant at all equidistant places from the centre of the earth. The value 
of ‘g’ at any place can be determined by Atwood's machine or more 
accurately by a pendulum. 


Variation of *g'—It is evident from (52,2) that ‘g’ at one place 
Varies inversely as the square of its distance from the centre of the 
earth. Hence the value of ‘g’ depends upon the height above the sea- 
level. Butthe variation in ‘g’ for ordinary differences in height is 
Inappreciable. Again, owing to the fact that the earth is not per- 
fectly round, all points on its surface are not at equal distance from 
its centre ; the equatorial radius is the largest, while the polar radius 
is the shortest. Hence the value of *g’ varies slightly with the 
latitude of the place on the surface of the earth. It is least at the 
equator and gradually increasing becomes maximum at either of the 
poles. This was first verified by Edward Halley, (1656-1742) a British 
astronomer, with a pendulum in 1677, during his voyage from Lon- 
don to St. Helena. The variation over the earth’s surface, however, is 
very small ; the value of ‘g’ at the equator is about 978 cm. per sec.?, 
and that at the poles it is about 983 cm. persec.?, The mean value of 
p" is taken to be 981 cm, per sec.? or 32°19 feet per sec.? at latitude 

iH 4 sea-level, which is accepted as the standard of reference. 

coe Weight of a Body—The weight of a body is due to the attrac- 
b force on the body by the earth. If the mass of the body is increar= 
ed; it is evident from equ. (52,1) that the force of attraction would 
increase, in the same proportion. Hence the weight of a body at a 


& "ep m 
In considering the gravitational effect of the eaith upon bodies lying on 


or Outside its surface, tke 
Ginicentigtad xus C. Whole mass of tke earth may be supposed to be 
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place is proportional to its mass. Again, force= mass X acceleration : 
so that the weight of W of a body of mass m is given by 
W=mg. rr (53,1) 

Mass and Weight—The word ‘weight’ is sometimes loosely used to 
denote mass of a body. But mass of a body is the quantity of matter 
contained init, while weight is the force with which it is attracted 
towards the centre of the earth. The mass of a body remains constant 
at all places, but with the variation of ‘g’ its weight varies very slightly 
from place to place on the earth’s surface. The variation in the weight 
of a body is dealt with elaborately in the next Article. 

Gravitational Unit of Force—This is the force with which a unit 
mass is attracted by the earth and is equal to the weight of a unit 
mass. 

Hence, in the F.P.S. system, the gravitational unit of force 

=the weight of 1 1b.=1 X g=(1 X 32'19) or 32:2 poundals. 
In the C.G.S. system, the gravitational unit of force 
=weight of 1 gm.=1 X g=(1 X 981) or 981 dynes. 

Further, 1 dyne=weight of 1 milligram (nearly) ; 

1 tb. wt.=g poundals. Also 1 gm.wt.=g dynes, or, we can say 
that a gravitational unit of force=g x absolute unit of force. 


So m tbs. wt.=mg poundals and m gm. wt.—7ng dynes. 


: 1 16 
Again, 1 Poundal = 5 X wt. of 1 Ib.—wt. of 555 oz. 
—wt. of half an ounce (nearly). 
As the value of ‘g’ varies on. the surface of the earth, the gravita- 
tional unit of force is not constant at all places. : 
Example : 
A car of mass 1 ton is moving with a speed of 30 miles per hour. A constant 


force of 28 Ib. opposes its motion, Calculate (a) the time required to bring the 
car to rest, and (b) the distance it will travel in stopping. [Mys. U.] 
Ans. Mass of 1 ton=(28x4x20) lb. and a force of 28 lb. is=28x32'2 
poundals. 
.. retardation f of the car is obtained from the relation P-mf, 


or, 28x322—28x4x20xf, whence fm ft. per sec.2, 


(a) Initial velocity of the car=30 m.p.h.=44 ft: per sec. When at rest, the 
final velocity is clearly zero. 

Hence, 0=44—2 it, whence /—109:3 seconds. 

(b) If s ft. be the required distance, Qi 4 - 2x39 xs, t. 5=2405 ft, 


54. Variation in the Weight of a Body—As the weight of a body 
is proportional to ‘g’ it varies from place to place on the surface of 
the earth and at different altitudes. 

(1) Weight of a Body at a Height above the Surface of the Earth 
1£—the mean radius of the earth be r and its average density be p the 
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mass M of the earth is equal to the product of its volume and 
density ; That is, M—$zr?p. 

Let a mass m be placed ata height h above the surface S of the 
earth (Fig. 81). The force of attraction due to gravity on the mass, 
which is the weight of the body, is given by 


ng e oe SP A e (54,1 
FG qaqa once” PX (r4 1) ( ) 


Fig. 81 Fig. 82° 
Let the acceleration due to gravity at a height h be g. 
j F M 
: ain: 54,2 
Then; ge 7—G XEM (54,2) 


Hence the acceleration due to gravity and consequently the weight 
of the body decreases with height from the surface of the earth, being 
inversely proportional to the square of the distance of the body from 
the centre ofthe earth. Thus ata height of 4000 miles above the 
surface of the earth a body would weight t of its normal weight. „At 
the top of a mountain 4 miles high, a mass of 1000 gm. would weight 

about 998 gm.. It may be of interest. to know that at a distance of 
about 1,80,000 miles from the earth along a line joining the earth 
-and the moon, the attraction by the earth is counterbalanced by the 


- attraction of the moon. : So any body placed there will be weightless 
although having some mass. 


(2) Weight of a Body at a Depth below the Surface of the Earth 
—Take a body of massim, say to the bottom of a mine at a depth d 
below the surface of the earth (Fig. 82). Let r be the mean radius of 

"the earth.“ Tmagine‘a Sphere, concentric with the earth, to be drawn 
with a radius equal tor—h, The earth may now be considered to be 
divided into two portions—one an inner sphere of radius (r—h) and 
the other, a hollow outer shell of thickness 7. Then the given body 
veces the surface of this inner Sphere but just inside the hollow outer 
shell. 

¿> -As the. gravitational force inside a hollow. shell is zero, the force 

vof attraction due to this | portion of the earth is nil. Hence the force 
of set nan on the given body would be only due to the inner solid - 
.spher. _ TOUS 


-., Now the mass of the inner sphere--$a(r.—4)* a. 


1 Bo. 


soi Gil pe] 
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-. The force of attraction on m due to the sphere, which is 
also the weight of the body at this region, is given by 


F=Géa (r—h)*0x (T =4nG(r—h) pm. wa (544) 


So the acceleration due to gravity gz at a depth A is given by 


Bn =F =trG(r I). 


Hence the acceleration due to gravity inside the earth varies. 
directly as its distance from the centre of the earth. Thus if we go 
farthar and farther inside the earth, the value of g gradually 
decreases. Hence, at the centre of the earth, the acceleration due 
to gravity is zero and there is no weight ofa body. 

* (3) Variation in the weight of a body with different Latitudes on the surface 


of the Earth—The weight of a body varies with latitude on the surface of the earth 
for two reasons. 


(i) the peculiarity in the shape of the earth and 
(ii) the rotation of the earth about its axis. 


The radius of the earth is the longest at the equator and decreases continuously 
with latitude, becoming least at the poles, Tne polar radius is less than the 
equatorial radius by about 13} miles. Consequently, the force of grovitational 
attraction is the greatest at the poles and least at the equator, and so the weight of 
a mass increases from the equator to the poles in the same proportion. l 


Again, owing to the diurnal rotation of the earth about. its axis, everybody 
on its surface revolves ina circular orbit. Further, we know that for a circular 
motion to take place a centripetal force must have to act on the body. A small 
part of the gravitational force of the earth is utilised in supplying the necessary 
centripetal force. The former thereby falls short of the required amount. 
Therefore, the observed weight of the body is less than its true weight. 


Due to the diurnal rotation of the earth about its axis, on 
a point near the pole describes a circle of smaller radius om gi 
than the one near the equator. Suppose that NS ECKE 
represents the polar axis of the earth (Fig. 83). Since 3 EX 
rotation of all the parts is complet in one day, A d 
at a point P near the equator would move om a larger | VIIA 
circle than a body at a point Q near a pole, So the < Watts 
former would move with a greater linear speed. Hence 
the centripetal force is the greatest at the equator and 


zero at the poles. Therefore, the loss of weight due to 
the diurnal rotation ia least at the poles and greatest at 
the equator and so the observed weight of a body is thet: s r 
greatest at the poles and least at the equator. Thus, for Fig. 83 
both the causes, the weight of a body increases when i 
taken from the equator to the poles. 


55. Laws of Falling Bodies—When a body falls freely from rest, 
subject only to the action of gravity, then for all pratical purposes 
(the height not being too large) the acceleration due to gravity may 
be assumed to remain constant throughout the, fall. --Then the motion 
is governed by the following simple laws : Í No 


(1) In vacuum, all bodies starting from: resi fall with equal 
rápidity. RS M coil : 


t i d E 
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(2) The velocity, acquired by a falling body in given time, is 
directly proportional to the time. 


(3) The space traversed by a falling body in a given 
time is directly proportional to the square of time. 


Analysis of the Laws—The first law seems contrary 
to our common obseryation, as a heavy body appears to 
, fall to the ground more quickly than a lighter one when 
dropped from the same height. Galileo (1564-1642) first 
showed in 1589 by dropping balls of different sizes and 
materials from the top of the leaning tower of Pisa that 
they reached the ground practically in the same time, 
He pointed out that the slight observed differences in the 
rate of fall between a light body and a heavy body were 
due to the resistance offered by air. He then argued that 
all bodies would fall the same rate, if the resistance due 
to air could be avoided and stated the laws as above. 
After the invention of the air-pump in 1650, the laws 
Fig. 84 were conclusively verified by ‘Newton in the well-known 
guinea and feather experiment, 


Guinea and Feather Experiment—A glass tube about a metre long 
with a cap screwed at one end and at a stop-cock at the other is taken 
(Fig. 84). A small coin and a piece of paper are introduced into the 
tube. The air is then exhausted from the tube by an air-pump and 

:the stop-cock is closed. On suddenly inverting the tube, the coin and 
paper are found to be falling together and reach the other end simul- 
taneously. If air is now re-introduced by opening the stop-cock and 

the tube is inverted the two are found to fall separately, the coin 
reaching earlier. The experiment was originally done with a guinea 
and a piece of feather within the tube and hence the name was derived, 


: From the Second. Law, if v be the velocity acquired in falling in 
time t, then veet, Thus, if the velocity attained in the Ist second 
be v, those in the 2nd, 3rd, etc., second are 2y, 3v, etc., respectively. 
The law may be verified by experimenting with Atwood’s Machine ot 
Inclined Plane. 

From the Third Law, if a body falls freely through a height A in 
the time f, then heet®. Thus, if the body falls through a height x ft. 
| in the 1st second, the height fallen through in the 2nd, 3rd, etc., 
seconds are 4x ft, Ox ft. etc., respectively. These laws also follow 
from the Equation of Motion given in Chapter II. 


56. Vertical Motion of Bodies due to Gravity—When a body 
‘falls vertically downwards, then provided the distance fallen through 
“is not very large, the acceleration ‘g’ due to Bravity may be supposed 


''to be uniform. 


Bodies projected downwards—If a body i j d ds 
with an initial velocity u, then dior c e desine 


The velocity v after time f is =u-+et 
and the height h fallen through =ut+}gt? e (56, 0 
and hence y2 =u? +2gh 
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If the body starts from rest, then u—0, 


y-gt; ie., y e t Mo 2nd Law 
and h=$gt®, Le, h e t? .., 3rd Law ea, (56, 2) 
Bodies projected upwards—Here the acceleration due to gravity is 
opposite to the direction of motion and is thus negative, 


Hence y —u—gt ) 
: h —ut—igt* 
and yi sui — 2gh j * TE ? È 


When the body reaches the highest point, its velocity is zero, 
-. from equ. (56,3) the time to reach the highest point ; 
u 
dis i ’ m (56,4) 
The time to reach the ground from the highest point is also u, 
Therefore, the total time of flight is 2u/g. H à ple 
If h is the maximum height reached by the body, 


2 7 ; 
0—u? —2gh, or, ims ‘ ws) (56,5) 


*57. Verification of Laws of Falling Bodies—The equations of 
motion as given in Art. 56 can be verified by means of an Atwood's 
machine, of which a simpler type has been described in Intermediate 
Practical Physics by J. Chatterjee. A more improved form is shown 

- M in Figure 85, which consists of a 

Ls IE} stout metal rod fitted vertical y 

to a rigid support. The top of the 

rod carries a pulley P which can 
turn very freely without any 


friction. A specially made paper tape T runs 
over the pulley and carries two equal loads at 
its ends. Small additional loads can be put on 
either load to make it heavier and hence to start 
the motion of the system. A metal reed M 
carrying an inked brush at its end is clamped 
to a crosspiece F. Once swung through a small 
range, this reed alway maintains a fixed period 
of transverse vibration. 

To verify the law for accelerated motion, i.e., 
to show that voct, a small additional load is put 
on m, and the combined load is raised and 
placed upon the clamp C at any suitable height. 
The period of oscillation T of the reed\is known 
from its specification or may be found by 
comparing its vibration with that of a standard 
chrono-meter. 

The brush is inked and the reed is made to 
vibrate on the paper tape. The brush moves 
to-and-fro over a line at right angles to the 
fength of the papertape. Now the clamp C isreleased and m, is found 


Pt 1/G—6 | 


traced by the inked brush. The curve becomes longer and longer as _ 


` the reed. The tape is taken out and placed on the.table. The number 


This verifies the second law. 


i Fig. 86 body leaves O, it is subjected to the uniform acceleration ^ 


TAE 


d YTIVAJAO GVA V.OITATIYASO ) j 
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to descend, while on the tape a wavy curve as shown in Figure 86 is 


the load: mg descends more and more. This shows that the speed 
increases continuously. Each complete curve as that between *a* and | 
*b' marks one unit of time; which is here, the time T of vibration “of 


of such curves from the beginning up to'a» certain point is counted. | 
Let it’ be n. - The time t from the start of the load to the termination 
of count is nT.: The straight length of a complete wave curve (wave - 
length) about any region is measured, which is/, say. Then the. 
average Velocity Y at this region is//T. Take various intervals: and. 
züé' corresponding velocities. It would be found thar in each case, 


A = nT, or, ¥ et 


To verify the law that in an accelerated motion of a body, hæt’, 
- he experimental procedure is the same. -Measure a length / covering — 
a few wavy curves from the start. Count the number of complete | 
“ope >> Waves in this length ; let it be ma Then the time to cover 7 
this distance is zT, Measure a few other lengths and - 
count the corresponding times. It would be found that in 7 
each case that ; 
_ heen?T?, or, h oc 19. 


To measure ‘g’—From the second part of the experi- 7 
ment it is easy to measure the acceleration of the system. ~ 
We know that for a system starting from rest and moving 2 
with uniform acceleration, s=4ft2." Hence the accelera- E! 
tion f is 2s//?—2s/(n?T*). If a small additional load put d 
upon ma be of massm, the downward force exerted by - 
this load is mg. If the total mass including m,, 7, and m ~ 
be M: then B. 


Mf=mg, or, 2 x. 


This apparatus may also be used to study the uniform ~ 
motion or even to verify the conservation of momentum 
of two bodies, 


58. A body projected. at. right angles to a Uniform - 
Gravitating Force—The force of gravity at any point near - 
the earth acts towards the centre of the earth. If we look © 
.. to the earth as a whole, such forces are radial terminat» ^ 

ingat its centre and are naturally not parallel to each | 
, ether. But if we consider a space in which ordinary pro- | 
jectiles work, the space is so very. small when compared to © 
| «the volume of the earth, the force of gravity working in © 
|. this space may be supposed to be parallel. Such a space is ~ 
- galled a uniform gravitational field. Let a body be pro- - 
Jected from O with a. horizontal velocity u. As soon as the 
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g due -to` gravity acting vertically .downwards (Fig. 87). . We shall 
assume here thatthe motion: of the body is not retarded-by air 
friction and that the acceleration due to ‘gravity i$ uniform’ through- 
out its range of motion. i eus 


Let us trace the successive positions of the body under horizontal 
velocity ignoring gravity. Let the horizontal direction be’ OX. If it 
were moving along OX with a uniform i 
velocity u alone, then OP, =P1P;= o P, P,P x! 
P,P,=u. Next consider the action of the SUCCI aa SS 
gravity alone ignoring horizontal velo- ^ Q L.--2wRi 
city. Let the vertical direction be OY. 1 
If the body starts from restat O and ~ i 
moves down only with uniform accelera- Q 
tion g, its positions along OY at’ the F 
ends of successive seconds would be res- [ 
pectively at Qi, Qs, Qs, such that OQ, j 
—58X1*, OQ, —3g X 2?, OQs=a8X 3?, f 

: 
Í 


¥ 


etc. Hence, due to the two motions 
combined, theactual position of the body 
atthe end of the first second will be Q,E--2---- WL RG 
at R, which is the end of the diagonal 3 Wu 
OR, of the parallelogram OP,RiQ,. 
Similarly, the actual positions of the body à Fig. 87 
at the ends of successive seconds will 
be at R, Rs, etc. Taking the intervals to be very small, the 
actual path of the body will be. along the continuous curve 
OR, RaRa: i 

Now the horizontal distance (x) travelled in time t is given bý 

x=ut 


Wee ae eo ee 


The vertical distance (y) fallen through in the same time is 
y-—igt? ati 2) 4 
Eliminating t from equs. (1) and (2), v=x% s. (58,1) 


Since: g and ware constants y œ x? and the relation between y and 
x represents a parabola. 4 


Infact, the earth is surrounded by a layer of atmospheric air which gets 
lighter and lighter as we go up. The air extends up to a height of 200 to 250 
miles above the earth's surface. So a projectile, shot near the surface of the 
earth, experiences a retarding force due to air friction. Consequently tke path 
of a projectile shot horizontally is not strictly parabolic, z 

If a projectile be raised up about. 500 miles from the surface of the earth 
and then projected horizontally from that position, it moves there without air 
friction. For small horizontal velocities of projections from that position, the 
body will fall.to the earth in an approximately parabolic orbit and its range of 
flight will increase with higher velocities of projection. When the velocity of 
projection is pretty high, about 16000 miles per hour, the projectile will not 
fall to the earth but will move round the: earth continuously ina circular orbit, 
(Vide Example 6 following this article), When the velocity of horizontal projection 
is above this value, the projectile would revolve round the earth in an elliptical 
orbit, and with speed of projection increasing further, the ellipticity of the orbit. 
increases, Ultimately, if the ‘body could be. hurled with a velocity of about 
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25000 miles per hour, it would begin to move in a parabolic orbit never to come 
back to the earth. It is sometimes known as the escape velocity. If the velocity 
of projection be further increased, it might ‘move it a hyperbolic orbit. Thisis 
the principle of projection of saturn and iunik rockets and the latest space-lab 
projected from U.S.A. . ; 


58A. Body projected in any direction—Let a body be proje 
from any point G on. the earth's 
surface with an initial velocity u 
making an angle 0 with the hori- 
zontal plane BG (Fig. 88). Then 
the resolved parts of u along the 
horizontal and vertical directions 
are u cos 0 and u sin 6 respectively. 
Since the component u sin 6 is 
‘against the gravitational pull, only 
this part is affected during, the 
flight of the projectile. The com- 
;ponent u cos @ being perpendicular 
ito the gravitational force, remains 
cunaffected. Applying  eqations 
(56,4) and (56,6), and. neglecting 
air friction we can show that : 


Time T to reach the highest point O is=“ Sit 9 
Also, the maximum height YO(h) reached by the body is 


EM ; . E" d 
Since the time to reach O from G is equal to the time to come) 
back from O to B, we get ; 


Total time of flight (2T) i2" sin 0, .. GR 
2 : g 
Since u cos 0 is the horizontal component of velocity, the horizons 


; tal distance GB covered by the project ing its flight i 0x 
"i. That is, y the projectile during its flight is u cos l 
1 


2 . * jc | 
Gp 24 dne cos u* sin 20 .. (58,3) | 


> Por given values of wand i i ; am 
$i : $ g, the distance GB is maximum when 
ti pa 20 is greatest, that is, when 28=90°, whence 6, which is the angle) 
th Ld et. n - Thus for a given initial velocity, a poe l 
vibe: arthermost: point in a hori 5 ion, if the 
-angle of projection is 45°, point in a horizontal direction s 


4 To find the path of the projectile in s ac izontal line XX | 
.be drawn through O and let OY be the erint Bie LaL be the M 
: DK puryectils star a time ¢ from its start. Draw QL and QN. 
atM. If Mo horizontal lines from Q and produce LQ to meet XX 
Tid 9x € co-ordinates of Q be (x, y), clearly QN=x and ON—J-| 
«Now LQ height attained at time t is=u sin 0x t—igt?. ^n 
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L 


: 2 sin? j à 1 
P. y-ON-OY-QL- 7 22 7 (usin exi—&kgtt) . . 
2 n2 LH L ai 
=¢(4 E: 0 2u mn $c - 8e x 0 4 | 
| x : ; 
whence 25 (een? -1) 
g g : 


C 4 : 
Again, ONG Clee eee ef cos 0x i— 


pie o( sin ee a ^ 
& 


2 


wee (58,4) 


The equation in y and x is of the form x?=4ay which is a para- 
bola. Thus the path ofa projectile in a uniform gravitational field.. 
and free from air resistance is a. parabola. 

Due to air friction projectiles (such as rifle bullets: or canon shells) do not 
strictly follow the parabolic path but strike the earth's surface much short of theo 
expected range.. Modern projectiles carrying. explosive heads and being propelled 
by rocket power rise high up so, as to encounter very. little air friction and move 
in an almost parabolic orbit. A class of such projectiles, known. as Inter-.; 
continental Ballistic Missile, can be so projected as to cover a distance on the 
earth’s surface of 4000 to 5000 miles, 

Examples 1 

J. A stone is dropped from a tower with no initial velocity. It is observed to 
strike the ground after 3:5 seconds. Find the velocity of impact and the height of 
the tower. [Given g=32F, P.S.] 

Ans. Here u—0, g=32 ft/sec? and’ 1=3'5 sec. 

the required velocity v=u+ gt = (32x 3:5) ft./sec.=112 ft./sec. 

Again, the required height h=ut+}gt?=($ x 32x 42) fti=196 ft. 

2: A body dropped from a; balloon at rest. clears a tower 81 ft. high during the 
last quarter second of its motion. - Find the height of the ballon and the velocity of 
the body when it reaches the ground. f : 

(g=32 ft. per sec.?) [ And. U. ] 

Ans. Let the period of fall be # seconds. Since the body falls from rest, 
the initial velocity u=0. If s be the, distance fallen through in f sec., 

5—igt? —1612, mvt 

Again, if s, be the distance fallen through a) quarter second earlier, 


then, s, - $e(£—41)? 16 (75-4) 9-81, so that s—s,=8—1. ...Q). 


H 2 
Thus, : x*—u* cos? (I -1 =u? cos? 0X 


í 2 
Hence 8/—1—81, whence 1=104 seconds. Thus s=}gl?= (16x52) ft 


= 1681 ft. : 

Finally, the. final velocity y =gt=(32x 101) ft. /sec,= 328 ft./sec. 

3. Two stones’ ate projected vertically upwards at the same instant. One 
ascends 112 ft. higher than the other and returns to earth 2 seconds lates. 
Find the, velocities of projection of the stones. (g=32 ft. per sec?) [C. U.] 


Ans. Let the velocities of projection, of the stones be. uy and ua respectively... 
If Ay and fy be the maximum heights attained by the stones, then 
TR 2 
ui” and h=. 
8g 


93-7 2g 
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ug? uo ; DR 
» Now, A; —h4—112 ft So Ber te aM Or, u—14,2—112x64. - ... (i) 
If 4, and f be the respective times of flight, then 


$ : =W and ¢ E 7 
| NE Lun | 
| Now, t1-ta=2 sec. So 2. 25. or, iu 32, m 
| Dividing (1) by (2), we get, uy +ug=224. ... GH 
| From 2 and 6), we get u;—128 ft./sec. and 44 —96 ft./sec. 


4. An aeroplane is travelling horizontally with a velocity of 60 miles per hour 
and when it is at a height of 1936 ft., a bomb is dropped from it Find where the — 
* bomb strikes the ground and the time of its fall, (g=32 ft. per sec.) 7 


travels horizontally with a uniform velocity of 88 ft. per sec. j 
Let the time of fall of the bomb—* seconds, j 
Then the formula 4—12/2 give 3X32x12—1936, whence 7—11 sec, / 
s'a thc desired distance — (88 x 11) ft. —968 ft. : E 

. Hence the bomb strikes the ground at 968 ft. from a point on the ground 

vertically below the point from which it was dropped. 1 
5. Calculate the mass of the Sun, given that the distance between the Sun and" | | 

the Earth is 1:49x1018 cm. and G— 6:66: 10-5 C.G.S. units. Take the yearto - 

consist of 365. days. [P. UJ 
Ans, Let the mass of Sun be Mand the mass of Earth be m. bis 
Now the distance between the two, which is the radius of the earth’s orbit, - 
is=1°49 x 1015 cm. in E 
ene CASE n 6Mm v. AUN DU 
+, gravitational force of attraction=G FE = 9'66x10-8 x (149x 101852 : 
Now the time of revolution. of the Earth=365 days=(365x 24> 60% 60) secs. a 
“on,” the angular velocity w of the Barth=2% 12x 31415 


i ; T -365x24x 60x60 
3 -. the centripetal force on the- Earth 


dynes. 


we | 
radians/sec. E 


unm xo RLI TAS AS t40 s1015: dvi 

r mx raosan ) 149% a 
For equilibrium the centripetal force must be equal to the gravitational force. — 

In such problems logarithmic calculations are preferable. F 


E 2X41415 E 3» 18. 6. 8 
| di mx (ae) * 1:49 x 1018 = 6:66 x 10-8 x 
""waence the required mass M=19:67» 1082 gm, 


` 6. A sputnik is designed to be raised up to a height 1000 miles above the 
surface of the earth and then given a horizontal velocity so- as to revolve round - 

, the earth in a circular Orbit. Calculate. the: velocity: of projection of the sputnik | 

1 


t 


3 


Mm 
(1:49 x 1048)? 


as also the period of revolution, given that the acceleration due to gravity at — 
the earth’s surface is 32-19 ft./sec.2 and the diameter of the earth is 7980 miles. 

What would be the result of releasing an object from the rotating sputnik with 
no initial velocity. . ] 


Ans. We know g'=G 


NETS nS gri 
j (CEA rl since G "t : 
zitis The value of. g'at the height of 1000 miles is ( 32:195:2997) tt Jec, 


49902 
—20:58 ft./sec. 


sputnik at that height is mg’; — 
at the orbit of radius r--h is: 


my? » " ant p . "mo 
rij The sputnik and any thing within it will be weightless while orbiting. 


| dm be the mass of sputnik, the weight of the 
and the centripetal force necessary to rotate it 
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my? j » — 
rg E whence i?—g^ (r--h) jos = AJ g'(r4-h). 
or, v= 2058x4990 5280 ft./sec.=23284 ft./sec. 
..23284x60x60 |. ie K 
S—US8 A miles/hr.=15875 miles per hour. : 


Now the circumference of an orbit of radius (3990.-1000)—4990 miles is 
—2x3:1415x 4990 miles=31354 miles. i 
ue time period - 2172 hours-1:975 hr.=1 hr. 58 min. 30 sec. 
If projected with no initial velocity any object on the sputnik would share equal 
velocity and remain orbiting the same path. 

59. Motion of two Bodies connected by a string passing over a 
smooth Pulley (Atwood's Method)—Let two bodies of masses m, and 
m, be connected by a light inextensible string passing over a smooth 
pulley P, both of them hanging vertically (Fig. 89). If mg is larger 
than m,, we are to find the resulting motion of the system and the 
tension.of the string. As the pulley is smooth, the tension 
of the string is the same throughout its length. Again, 
as the string is inextensible, the downward motion of 
mz is equal to the upward motion of m, ; hence their 
acceleration is the same. y 

Let the common acceleration of the system be f and‘? 
the tension of the string be T (in absolute units). vA 

Now.the resultant downward force on mg is=(m,g—T). © 

And the resultant upward force on m, isc(T—msi8).. - 


— 


s. Mgg—T=Mof and To mg Mmi fopi ngs) 
Adding «(mis milgm (mima, = i 
M. fei a | LEGAN = E 
2m,m a 
= =L 29, 41 i; f 
Also T=m (ft) Eme (PADA a 9 


Observing the acceleration f ofthe system and using equation 
(59,1), the value of g may be roughly determined: p 


59A. Reaction of a Moving Lift—When aman is standing on a 
lift, either at rest or moving up or down with a uniform: velocity, the 
reaction at the floor of the lift is equal to the weight of the man. But 
when the lift is moving with an acceleration, the thrust is not equal 
to the weight ofthe man.. It is, however, equalto the thrust then 
exerted by the man on the lift, which may thus be called the apparent 
weight of the man on the accelerating lift. ÜN 

Let m be the mass of the man, R be the thrust between the man 
and the floor, and f be the acceleration of the ‘system. When the lift 
is accelerating up, R must be greater than the weight of the man, 


s R—mgemf or, R=mg+mf=mg (+); 


i.e., the man appears to be heavier by £ of his weight. 


^ 
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It may be mentioned that in Appollo Rocket flights to the moon 
the acceleration f at one stage given to the rocket was about 7g, 
Hence the apparent mass of the aeronaut became 8 times his normal 
weight. Hence a preliminary practice was necessary to withstand 
this unusual thrust. 3 

When the lift is accelerating down, the weight must be greater than 
the thrust R’, 


So mg—R=mf, or, R'—-mg—mf-mg (=£ ) 
i.e,, the man appears to be lighter by ^g of his weight 


Ifthe lift falls freely under gravity, then f=g and the reaction 
K'—0.. That is the passenger within the lift will feel that he has no 
weight. i 

.60. Mass of Earth—Let the mass of the earth be M gm, and its 
radius be KR cm, Then, by the law of gravitation,— 


the force of attraction on a mass m on the earth GMm 


Ri dynes. 
The force being equal to the weight of the body=mg dynes. 
Mm . _gR? 
s Re ang, whence MT i «>» (60,1) 


Taking R=4000 miles, G=6'65 x 107* C.G.S. units, and g=981 
cm. per sec.?, : 1 
M = 281 X (4000 x 1760 x 3 x 30:48)? 
7 665x1078- 
e —135x 1025 tb.=60°17X 102? tons. 
If P is the mean density of the earth then M—£zR*9. ... (602) 
-. from (60,1) and (60,2), p=—28 ` 


P TN E ag’ 5 A 
e x981x7x1 E 
"o 4X22X665x 4000x 5280x3048 51-/66. 546 gm.[c.c. 


The value of G was first determined by Cavendish (1731-1810), 
whence the mass and density of the earth were calculated. It is thus 
said that ‘Cavendish weighed the Earth in his balance’. 


Examples : 


1. A light string passes over a smooth pulley and has masses of 240 gm. and 
250 gm: attached to its ends. Calculate the value of g, if the system starting from 
rest moves through a distance of 160 cm. 4 seconds. [Anna. U.] 


gm.—6:113 x 10?* gm. 


Ans.» Since the two loads are. unequal, the combination. would have an 
acceleration with the heavier load. descending downwards. Let.the common 
acceleration be f cm. per sec.? 


Then, 0+3fx42=160 cm. when  f—20 cm./sec.2 
Let T be the tension which is throughout the same. 
Then 250g —T—250x 20 and T—240g —240 x 20. 
Adding the two equations, we get 
10g—490x20 ^ whence g=980 cmJsec.2, " 


7 y alo) 
ART, 60 GRAVITATION AND GRAVITY , À 89 


2. A mass of 10 Ib. is hung from a spring balance attached to a lift. ' The lift 
is (a) ascending with an acceleration of 4 ft. per sec. per see, (b) ascending 
with a uniform velocity of 4 ft. per sec. Calculate. how. the reading of the: 
spring balance will be affected in each case. The value of g=32 ft. per sec. 
per sec. [Pat. U.J] 

Ans. When the lift is ascending with an acceleration of.4 ft. per sec.2, the: 
reaction R of the mass of 10 Ib. on the spriug balance is given by : 

R=10x 32+10x4, whence R=360 poundals. 

Hence, the spring balance will record (360-32) Ib. —11225 1b., that is 115 Ib. 
more than its original reading. 

Again, when the liftis moving with uniform velocity, whatever its magnitude- 
may be, there is no change in the reaction of moving parts and so the spring 
balance records the same reading of 10 1b. 

61. Spring Balance—A spring balance (Fig. 90) is an instrument. 
with which weights of bodies can be determined 
and compared. It consists ofa spiral spring of 
steel S (Fig. 90b), enclosed in a metallic case, 
with the upper end fixed to a ring at the top of 
the case. The lower end is attached to a straight 
rod R which has. a hook -H atthe lower enc, 
from which the body to be weighed can be hung. 
The front part of the case is covered. by a plate 
with a long narrow slit C, which is graduated 
either in gramweight or in pound weight along |w 
the slit(Fig. 90a). A pointer attached to the rod 
passes out of the slitand rest against the scale. 
When a body is hung from the hook, the spring 
extends in proportion to the amount of pull 
exerted by the weight of the body. ; The pointer 
accordingly. moves down and indicates the 
weight of a body from the reading on the scale, 

As the spring extends by the pull exerted on id 
the body by the earth, the spring balance 1g. 
directly gives the weight of a body at a-place. If we move to a 
different place, the weight of the body changes and so the pull on the 
spring also changes. Hence from a theoretical standpoint the instru 
ment may be calibrated so as to record the weight of a ibüdy.ss6 Ets. 

Thus, in a common balance we compare different masses, while im 
a spring balance we compare different weights. If taken to different 
places, the bodies and the *weights' used are equaliy affected by the 
variation of g. So it is not possible. to detect any change in the 
weight of a body by a common balance. A spring balance, on the- 
other hand, is differently affected due to the difference in the pulls 
and may indicate the variation in the weight. In practice, however, 
the variation of the weight of a body over the earth’s surface is so- 
small that it does not sensibly affect an ordinary Spring inet y 

*62. Kepler's Laws of Planetary motion —During the last decade 
of the 16th entity, the Danish astronomer Tycho Brahe and Johaan 
Kepler made a systematic observation of the nature of the orbits or 
the planet Mars and other planets around the Sun. After the deat 


= 


of Tycho Brahe, Kepler enunciated the following three laws of plane- 
| tary Motion— . i 


| ~ 1, Each planet moves in an elliptic orbit with the sun at one of 
— 4he foci. 


"areas in equal times. 
: 3. The square of the periodic time of a planet varies as the cube 
of its. mean distance from the sun, 


Explanation of Laws—Let Fig 91 represent the elliptic orbit of a 
^. planet. Then the sun must be at either focus of the ellipse say at S. 
: In case of the earth's orbit the First 
BE E Law may be verified by a systematic 
measurement of the variation of the 
distance of the sun from the earth 
throughout a year.. On December 
31, the distance becomes mininium 
called the perigee point of the orbit. 
On July 1, the distance is maximum. 
called the apogee point. The eccent- 
ticity of the ellipse is very small 
having a value :0168, which means 
that the orbit is nearly a circle. 


1 4 : The Second Law’ states that. if 

‘teat Fig. 91 (5) Ei; Eg and Eş represent the 
Positions of a planet at equal intervals of time then the area of the 
‘sector E, SE, equal thal that of the sector Eg;SEg. If the interval. of 
time be taken small, (for example, one day)thearcE,E, is very 
1 approximately=E, SX where..9. is the angle E,SE, and the area 
| TEASE, becomes i(E,S)?0. Knowing E; S-and: measuring 0 the law 
| ‘can be verified for the two seetors E,SE, and E,SE,. 


"distance. Let M be the mass of the sun and: m that of the planet at a 

mean distance r from the sun... For simplicity, assume that the orbit 

iis circular. : : 

| ` Ifthe tangential velocity of the planet at any point in its orbit be 

|| Y, the centripetal force „necessary for the rotation of the planet is 

| my*]r. The origin of this centripetal force is the gravitational force. 
If T be the periodic time of the planet, then 

| r 2 i E) r: l f 

í since v ~. centripetal force= "^ — 4r2?mr 


TAi 


* : . 5 E 
Since the centripetal force is equal to the gravitational force, 


$r*mr GMm dnt p8 
Tote) m 2s (62,1) 


` whence T2o;5. 


nm 
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2. The radius vector Joining the planet to the sun describes equal | 


t 
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Thus, the Third Law can be proved by assuming the truth of the. 
inverse square Jaw of gravitational force. PUE REA TIE 

Comparison of Masses of Heavenly Bodies—Kepler’s Third Law 
gives us a clue to compare, masses of heavenly bodies which have 
satellites at known distances and of known periodic times, Transfor- 
ming equation (62,1), we can write 

2 2 sa 
Depis constant. 

Tf there are two heavenly bodies of mass M, and M, having two 
satellites of periodic times T, and Ta and placed ta distances of r, 
andir, from their respective parent bodies, then à 


2 2 x 
T, Mi Ts m since each expression 42 
ry Fo ; 1 M 
M, Te? J? ) 
he NA EMO S er (62,2, 
whence, Ma fet ass ( ) 
Example : i 


A s tellite of Jupiter moves round the planet in a circle of radius 1:161% 10° — 


miles completing one revolution in 16'6 days while Earth's moon‘on ‘an orbit of 
radius 224x105 miles completes on revolution in: 27 days!” Compare the masses 
of Jupiter and Earth. Sit fe. v Moran oe d NP 9 exu s 
Ans. Let the mass of Jüpiler--M,," The orbital radius of the satellite r, 
— 1161 x 109: miles and t.e: period of revolution of the ' satellite T, =166 ays, 
Let Mg be the mass of the Eart^, rg the radius of the! moon's orbit and Ty ite 

period of revolution=27 days, Obviously, then, ; (df To na 
mass of Jupiter wei (1-161 X109)*. 3687. b 

mass of Earth | |(224«105)9 s (16025... odo 

So jupiter is about 369 times massive than earthy +) > w £m A H 
: za m d his ssdens SOL SENT 
*63. Journey to the Moon—The first successful attempt of a rocket 
flight around the moon amd back to earth was undertaken at the 
Spaceport of Cape Kenedy, Florida, United States of America. .. This 


was known as the Apollo—8 Mission conducted by three aeronauts, - 


Frank Borman acting as the Commander of the mission, James 
Lovell and William Anders. At the start the Saturn 5 rocket at the 
bottom with the Apollo spacecraft at the top had an overall height of 
364 feet, as high as a 36 storey building. The nature of construction. 
and principle of flight of a rocket have already been described in 
Art.38. Onthelaunching pad the total weight ofthe rocket was 
about 3000 tons. Development of such a space craft. required. the 
combined efforts of about 350,000 scientists, engineers and techni- 
cians. The command module diameter with controlling switches, 
gears and panels all around it and having Just sufficient space for the 
three aeronauts to a little movement. — ' - 


The rocket started from the lunching pad at 7-51 A.M. U. S. A. 
time on December 21, 1968 from the Spaceport consuming 15 tons 
liquid fuel per second producing an unward thrust of 3750 tons. 
Within 150 seconds from the start it reached an altitude of about 
100 milies from the earth’s surface. This was rather a slow upward 
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acceleration for a rocket, because in rising up through the atmosphere: 


. with a very high speed air friction will produce such a heat as to 


burn up the rocket and produce explosion of the fuel chamber. When. 
the rocket reached this altitude the first fuel tank was exhausted and 
was dislodged mechanically from ths remaining part of the rocket. 


The next procedure was to place the rocket in an orbit around the. 
earth, the plane of the orbit very nearly coinciding with the plane of. . 


was made. 


The 
Second rocket engine for a journey toward moon. The engine roared ` 


Moving against the éarth’s gravity and so the speed gradually 
decreased. Nevertheless the initial speed was such as to pilot the 


course of flight, By inclining the rocket, the aero i 
: nauts could view 
the earth and the moon through side-windows. 


dias rocket moved to a distance of about 180,000 miles from the 
owards moon, again a region of weightlessness was felt. . This 


Was the region where earth’s itati i 
: on v 5 gravitational pull was neutralised by 
moon’s gravitational Pull in the opposite direction. Then the 
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rocket tended to fall on the moon with moon’s acceleration duc to 
gravity, which is about one-sixth part of that of the earth. This was 
a great juncture for the aeronauts, for they wanted the rocket to 
veer round the moon instead of falling directly on it. This was 
done by manouvering the craft close by the edge of the moon with 
such a suitable speed that instead of passing by tlie moon, it could 
encircle the moon by the same principle as adopted in earth circling. 
This could be achieved by working the rocket engine maintaining 
proper speed and direction. The first two were elliptical orbits 
around the moon and then by proper adjustments, the orbit could 
be made circular aboye 70 miles from the lunar surface with a speed 
of 3700 miles per hour. The time required to reach moon's orbit 
was about 66 hours from earth's orbit. The moon's circular orbit was 
completed in every two hours. The aeronauts celebrated Christmas 
Eve on December 24, 1968, while on the lunar orbit. They took very 
many photographs of the lunar surface full of craters and suggested 
future landing spots on the moon’s surface. They took photographs 
of the sun and the earth. The photograph of the earth showed phases 
as we observe the moon from day to day. But earth did not look to 
be so bright as the moon because sun's rays are absorbed consi- 
derably by the earth's atmosphere while full sunlight can reach 
moon's surface because it has no atmosphere. 3^ 


On December 25, the aeronauts restarted the engine to break 
away from lunar orbit with a speed of 4500 miles per hour towards 
the earth. On December 27 at 4-51 A.M. the craft splashed down 
with the help of- parachutes in the South Pacific Ocean about 1000 
miles south-west of Hawai islands, ‘The total journey period was 147 
hours and total mile-coverage was 595000 miles. In later period 
there have been another six more Apollo missions and on three 
occasions Apollo 11, 12 and 14 missions, the aeronauts landed on the 
surface of the moon, collected specimens, established small 
laboratories, etc. which would help geologists and other scientists to 
investigate the nature of formation of the Solar system. 


American scientists also sent powerfull rocket Mariner IV space- 
craft on July 14, 1965 which made an epic 74 months journey and 
passed by planet Mars and sent tele-photographs from a distance 
of 7000 miles from the planet, Such are the improvements of 
modern technology and electro-communication techniques. 


63A. An Endless Journey : In Art.38, the principle of Rocket 
propulsions has been described and different types of rockets used 
for orbiting earth or for inter-planetory journey have been 
mentioned. On March 2, 1972, a small but very powerful spacecraft, 
Pioncer-10, was launched from Cape Canaveral, U. S. A., towards 
the sun’s biggest planet Jupiter. During December 1973, the rocket 
passed by Jupiter and sent back to Earth by radio signals and colour 
photographs of the entire planet with its famous red spot, its striated 
cloud structure, a shallow region over its surface, etc. with its.9 
moons. After passing Jupiter, it headed towards Saturn which it 
met by 1976 from a distance of 10000 miles. Its 16. revolving moons 


appreciable inclination of the bea 


à 
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usb aor nir tagg opn d met 
were also photographed: Then it turned towards Uranus an 1 

it in 1979 from a distance: of 8000 miles. Uranus has ple 
like Saturn but not so bright. After that it met v tee Then 
and finally it has a chance of meeting Pluto in : 


aurus. [n case Pioneer-10 meets any human society on its long and 


(D). true, (2) Sensitive and - (3) stable. 


balance has already been given in Chapter I, A. good balance must 
be j : 
(D) | A balance. is said to be true, if the beam remains horizontal 


the fulcrum when the beam is horizontal. 


To tesi whether a balance is true, a body is placed on one of the 
pans and weights are. placed on the other, till the beam is horizon ib 
The body and the Weights are then interchanged.. If they sti 


balance, i.e., if the beam be still horizontal, the balance can be taken 
to be true. 


(i) the C. G. of the beam should be very near the fulcrum, 
(it) the beam Should be light and 


(iii) the arms of the beam Must belong. If such conditions are 


m. v : 
alance is said ‘to be Stable, if the beam after being Fas 
turbed, comes: back quickly’ to its position of equilibrium. i» 
condition for. Stability, requires that the C. G. of the beam must " 
sufficiently below the fulcrum: This condition is opposed to one M^ 
the conditions for sensitiveness, In other words, stability is increase 
at the cost of Sensitiveness.’ A balance should be rigid ; i.e., the beam 
should not bend when weights:are placed on the pans. 


14,944. Mettiod of Weighing by a Balance—Different methods" are 
adopted: een accurate weighing under different circumstances; 
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(i) Method of Oscillation—If the balance is true, the most common 
method of accurate weighing is the method of oscillations. With the 
pans empty, the balance is made free and the oscillations of the 
pointer are observed. - The pointer should oscillate through an equal 
number of divisions on either side of the middle division. In Fig, 93, 
S represents the ivory scale over which the pointer P from the beam 
shows the nature of the oscillations. Here graduation 5 is the centre. 
of the scale. Two ends of the turning are 0°5 and 9 5, so that the 
pointer swings equally about the middle point. The balance is now: 
ready for use. " 


If unequal oscillations are obser- 
ved, the weighing pans should. be 
cleansed with soft brush and the 
screw-nuts at the ends of the beam. 
should be so adjusted that on raising 
the beam equal oscillations are 
_ Observed. With less sensitive balances, 

Fig. 93 the friction plays such a role that the 
oscillations rapidly die away. In such cases the resting point of the: 
pointer should be calculated from a number of readings of the 
pointer. (For details vide J. Chatterjee’s Intermediate Practical: 
Physics, All India Edition), The body to be weighed is placed on the: 
left pan; weights are placed on the right pan, till on making the: 
balance free, the pointer again oscillates through an equal number 
of divisions on either side. The mass of the body is then equal to the 
mass of the total weights placed on the pan. For accurate weighing 
a ‘rider’ of a small mass (generally 5 or 10 mg) is often used with a 
sensitive balance. Ribas 

(ii) Method of Double Weighing—Even when the balance is not 
true, the mass of a body may be determined by the following method. 
of double weighing. 


(1) Borda's Method (Method of Substitution) —The body to be ` 


weighed is placed on one of the pans (say, the right-hand one) and is 


counterpoised with small shots, sand, etc. The‘body is then removed , 


and standard weights are placed on that pan, till equilibrium is res- 
tored. Evidently the sum of the standard weights is equal to the 
weight of the given body, for whether the balance be true or false, 
these weights and the body, separately placed on the same pan, 
balance the sand, etc., on the other pan. ALPE ^ 

(2) Gauss’ Method—This method is applied, if only the arms are 
of unequal lengths but the balance is otherwisee correct. The body is 
first placed on one of the pans (say, the left-hand one) and is exactly 


counterpoised in the usual way. The body is then placed on the right- 


hand pan is counterpoised again. pai 

id the arms of the balance—a, b ; the true weight of the body 
=W ; the ocseived weight with the body on one pan=W, and the 
observed weight with the body on the other pan—W/;. 

Then Wa=W,b and Wsa-Wb, CEAR vee rea 

or, W2ab=W,iW,ab whence W—y W, Wg. vs (64,2 
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Thus the true weight is the geometrtc mean of the observed weights, — 
To fiud the ratio of the arms :— 

| i d. Wi odd 1—W. 
From equation (64,1), b W and STE 


Hence T/y veal Wis 

: b W "Ws; X Ws ! 

Supposea tradesman uses a false balance with unequal arms q _ 
and b. A customer takes a quantity of some article, which appears 
to weight W, being weighed in one pan. The balance is turned and _ 
another quantity also appearing to weight W, is weighed in the other 
pan. Here the customer really gets a quantity W,--W, in place ~ 
of 2W. : 


Now, Wi +W; —=2W=W2 w^ —2w 


patpi zab ^ (a— ba ia 
wee ey, 


ab 


As aand b are unequal, (a—5)37-0. Further, asa and b are 
both » 0, the right-hand side is 70, so that W,+W,>2W, 


i.e., the trades man cheats himself by the amount (Pw. 


Hence in a false balance It is profitable for a customer to pur- 
chase always a quantity of substance in two instalments, weighing 
half on one pan and the other half on the other, 

Examples : 


1. A tradesman sells his articles weighing cqual quantities alternatively from 
the two pans of a balance having unequal arms. If the ratio of the lengths of the 
lengths of the two arms be 1025, what is his percentage loss or gain? Ul 

‘ . [Pat. U. 

Ans. Let the true weight (mass) of the body be W and its observed weights 

when placed on the two pans bo W; and Wg. Then 

a _ |W 

DS Ws 
- When equal quantities are weighed alternatively from ihe two pans ofthe 
balance, the customer gets a quantity*in excess of 2W bya quantity. 

2w(-B? a2 +62—2ab fa BV veil. i 

Weigh TW ap mW (5-752) = W:0254-9756—2)— 0006W. . 


Hence the tradesman cheats himself or loses by ORE X 100=-03%. 


2. A body A when placed successively in the pans of a faulty balance appears 
weight 8 lb. -and 18 lb. Another body B when treated anh the -same way 


= 1025. 


. Ans. When the arms of the balance are not of equal lengths, the true 
Weight W= CW, x Ws). Jens MP 


For the body A, . Wa= (8x18) Ibs. =12 Ib. 
For the body B, Wb= (55x12) Ibs. =8 Ib. 
The ratio of the arms is, however, = aye 


avy 


>90} 
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Illustrations of Inertia of Motion—A person, in getting down 
carelessly froma moving tram car, tends to fall forward. 0 His 
feet, on touching the ground, come to rest but the upper part of 
the body due to inertia tends to move forward and so he stum- 
bles towards the’ direction in which the car is ‘moving. Again, 
when a carin motion rapidly stops, a passenger sitting loosely 
in the car swings forward. fa horse at full gallop suddenly 
stops, the rider unless sitting firmly on the horse back is likely 
to be thrown forward over its head. 

Before taking a. long jump a person has to run from à little 
distance behind, so that the inertia of motion helps his muscular 
effort to jump.’ A ball thrown vertically upwards by a person, 
in a running train comes back to his hand.. Due to inertia the’ 
ball maintains its horizontal motion which it has acquired from. 
the carand so comes back to tlie hand, if the motion of the, 
train or the position of the hands does not change in the mean-. 
time. Similarly in the circus show, a performer jumps up from 
the back of a running horse, and passing through a hoop again. 
comes back on the horse. HRS vA 

33. Explanation of the Second Law—The Second Law. 
States that so long as an external force is acting upon a mate- 
rial body, it will continuously gain in’ motion in the direction 
of. the force. It was Galelio who first observed it and it. was 
left for Néwton to explain it with mathematics. The accelera- 
tion of the body ‘under the action of the force is a measure of 
the force acting upon it. This law gives a quantitative: definition" 
of a force. RE S IEA cr i 

Momentum—The momentum of a body is measured by'the| 
product of the mass and velocity of the body. Hence, if the ' 
mass of the body be m and its velocity at any instant be v, the 
momentum of the body àt the instant is mx y. Newton termed: 
momentum as the amount of motion of a material body. "" n 

The unit of momentum is the momentum possessed by a 
body of unit mass moving with a unit velocity. The F.P.S. unit’ 
of momentum is the momentum possessed by a mass of 1 Jb. 
moving with a velocity of 1 ft. per second. Itis often termed 
a poundem. The C.G.S. unit of momentum is, the momentum 
of a mass of 1 gm. moving with a velocity of 1 cm. per second. 
For example, a ball of mass 150 gms, moving with a velocity of, 
l metre per second has a momentum of 150x100—15 x10 gm. 
cms. per second. Momentum is a vector quantity- 99 0) Jin 

34. Measurement of Force—Let a body of mass m having; 
an initial velocity u, be acted upon by a. constant force P for a 
time f. Since itis under the action of a force, its velocity will, 
continuously increase in the direction of the force. Let its final. 
velocity be v at the end of this period. Now the) initial 
momentum of the body=mu, and the final momentum=my, 
Hence the change of momentum in time —m(y-u) 5-000 
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i So, the rate of change of momentum poor 


.. According to this law, the force P is proportional to the rate 
of change of momentum, which means that, P « mf. 

or, P=kmf, where k is constant. 

Af now the unit of force be so chosen that it produces unit 
acceleration when acting on a unit mass, then if m=1 and f=1, 
then P becomes equal to 1. Accordingly k must be equal to 1. 
Thus with units so chosen, P—mf. e.e (34,1) 

or, force=mass x acceleration. 

Unit of Force—The unit of force may be defined as that 
force which acting on a unit mass produces unit acceleration on it. 

_, Phe F.P.S. unit of force is that force which acting on a mass 
of 1.Ib. produces acceleration of 1 ft. persec. This unit is 
termed a poundal. The C.G.S. unit of force is that force 
which acting on a mass of 1 gm. produces acceleration of 1 cm. 
per second per second. This unit is called a dyne. 

These two units are called dynamical or absolute units of 
force, for they are believed to remain constant throughout 
the universe. There is. another system of units of force called 
the gravitational unit. (Vide Chapter IV.) 

' Again, p.t D or, PXt=my—mu. vee (342) 

Impulse.—When a large force acts ona body for a short 
period, the: product (forcextime) is called the impulse of the 
force during the period. During the period in which the im- 
pulsive force acts, it no doubt produces an acceleration of the 
body ; but the period being small, the acceleration is very 
large. An. acceleration produces a continuous change of 


"o Equation (34,2) provides. another definition for the unit of 
force, for, if; (mv — mu) be unity and t be 1 second, then P be- 
comes unity. Thus’ a unit force is that force which acting on 
a mass for-unit time produces a unit change of momentum in the 
direction of the force; Let the mass taken be unity ; then a unit 
force acting upon a unit mass initially at rest ‘would generate 
unit velocity on it. A unit mass is Very often-defined in this 
bau oni c ege mp t 
, Relation between a Poundal and a Dyne.—A poundal is 
much larger than a dyne. A force of one poundal acting on a 
mass of LIb. produces an acceleration of one foot per sec?. 
Now 1 1b.—453:59 gm. and 1 ft.—30:479 cm. 


; "Hence'a' force of 1 poundal acting on a mass of 453:59 gm. 


produces an acceleration of 30:479 cm. per sec. per sec. 
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^. 1 poundal = 1:1b x 1 ft. sec." ?=453'59 x 30479. gm. cmn. 
sec.” 1—13824:969 dynes=13825 dynes (very approximately). 
. The momentum is a» vector quantity, its direction at any 
instant being the same as that of the velocity at that instantis 
It can, therefore, be represented by a straight line... The 
momentum has the dimension of mass xvelocity, which\is 
MxLT'!—MLT-":. The force has the dimension of massx: 
acceleration, which is MLT~?. i 

Examples : ! 

1. An automobile of mass 3500 lbs. moving with a uniform velocity 
of 60 miles per hour is to be stopped in l second by the application of 
a uniform retarding foroo.. What should be the magnitude of this some 

[C.U.—1956] 

Ans. We know 60 miles por hour=88 ft. per second. If f be the 
negative acceleration ‘necessary to bring the body to rest in one second, 
then in the general equation v=u> ft, we sot v—0, u=88 ft./sec. and 
t=1 seo. ti 

Thus 0=88—fx1, whence f=88 ft./sec®, 

Again P emf —3500 x 88 =308000 poundals. i 

2. A train having a mass of 100 tons running one level ground is 
kept going by the locomotive at a uniform speed of 50 miles per hour; 
the steam is suddenly shut offand the train comes to rest after going 
2 miles farther, Calculate the average, resistance ito the motion of the 
train, { [Utkal U.—1952]. 

Ans. Tho train running with a speed of 50 miles per hour is brought 
to rest within 2 miles. Thus, to calculate the $E the formula 
v? =u? —2fsis to boused, where v=0 and uz 50 miles/hr gr 80., | and 
8=2 miles 10560 ft. i] 

So o (y -af x 10560, whence 1-35. ft. per see. per sec. ^ ' | 

The resisting force acting on the train =massx retardation |4 | 


605 
= —— = li » 
E (100 x 20x 4x 28 x are) poundals=57037 poundals 
35. Verification of the Second Law of Motion—The 


A t. 9.4 
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Fig. 47—Fletcher's Trolley Apparatus. 


Second Law can be studied conveniently with an. 
apparatus known as Fletcher's trolley, ‘which, 
consists of a stout metal. bench B,Bs about one 

metre and a half in length having two parallel 

rails rr fixed upon it (Fig. 47). The bench is ; 
provided with levelling arrangements. A trolley T provided 
with wheels can run upon these rails almost ‘without any 


| | 
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friction. Á pair of springs SS, kniown as’ friction brakes, are 


fixed at the ‘end of the bencly for arresting the motion of the: 


trolley without a direct collision: ‘An almost. frictionless pulley 
also a fixed at one end to facilitate. the pulling of the trolley 
whenever required. A metal reed R capable of vibrating at 
right angles to the length of the bench may be clamped at 
either end of the bench. 


The bed is made accurately horizontal with the levelling 
arrangements, at the base, so that the trolley runs on a hori- 
zontal surface, Then the trolly is tied with a piece of thread 
to the end B, of the bench. One end of a specially made paper 
tape Pistied to thetrolley., The tape iscarried over a pulley and 

a scale-pan is suspended at its other end. A suitable 
load is put upon the pan’; this serves as the pulling 
force on the trolley. An inked brush is fixed at the 
end of the reed so as to touch the paper tape. 


The reed is swung a bit at right angles to its 
length and then released, so that it keeps on vibra- 
ting and marking a small arc on the paper with the 
inked brush. The period of one vibration of the reed 
is determined with a stop-watch or a metronome. 
Then the trolley is released by cutting down the 
thread, when it begins to’ move over the rails under 
the action of the load. The inked brush is found to 
trace a wavy curve on the moving strip of paper 
(Fig. 48). Sincetime for each vibration of the reed 
is constant, such curves on the paper offer a con- 
venient method of accurately measuring short inter- 
vals of time, The paper is then placed on the table 
and a straight line is drawn evenly through the wavy 
curve. This line serves as the line of reference. 
The points of intersection of the wavy line with this 
Straight line are marked. The distance ab, bc, cd, 
etc., are accurately measured. If period of vibration 
of the reed be T, the average velocity in successive 
intervals of time is ab/T, bc[T,etc. So the change of 
velocity in the first interval is (bc—ab)/T, and there- 
fore the acceleration is (bc —ab)/T?. As long as the 
active force and the moving mass. remain constant, 
this acceleration is found to be Constant over any 
region of the path. Thislaw can also be verified 
i with an’ Atwood's machine. (Vide next Chapter). 
Fig. 48. ,36. Explanation of the Third Law—When a 

body A exerts a force on another body B, it is called 
the action of the force of A on B. The Third Law States that 
if there is any, action of the force of A on B, B also exerts. an 
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equal and opposite force on A, which is called the reaction of 
BonA. This law holds good whether the bodies are at rest or 
in motion and whether they are in contact or acting on each 
other from a distance. This law is, therefore, called the law 
of reaction. f 

Take, for example, a person standing on the ground. The 
weight of the person shows itself as the thrust exerted by his 
feet on the ground, which is called the ‘action’ of his weight. 
So long as he stands firm, the ground presses his feet equally in 
an upward direction, which is called the ‘ground reaction’. This 
is an example of static action and reaction. But when he stands 
upon sandy or marshy soil, the ground resistance may not be 
sufficient to balance his weight. In that case his feet might be 
gradually submerged in’ the soil. Here also at any instant the 
ground reaction is equal and opposite to a part of the weight of 
the person, which is called the action. The remaining part of 
the weight serves as the moving force and has nothing to do 
with the Third Law and it is to be treated ‘with ithe Second 
Law. Since the ground reaction is much less on sandy soil, 
it is rather difficult to walk fast: 

This law also gives the principle of conservation of momen- 
fum. Thus, if a bat is moved towards an approaching ball, 
then on collision the force exerted by the bat on the ball is 
equal and opposite to that exerted by the ball on the' bat. 
Hence the momentum given to the ball by the. bat is equal to 
that given to the bat by the ball in the opposite direction. In 
other words, the momentum gained by one is equal to that lost 
by the other, so that the total momenium of the system remains 
the same in any particular direction. The principle of the 
conservation of momentum ‘may be verified with an apparatus 
known an a Ballistic Pendulum. It can also. be verified with a 
slight. modification .of Fletcher's. Trolley. apparatus (Vide. J. 
Chatterjee's Intermediate Practical Physics). 

37. Different Kinds of Action and Reaction—The action 
and reaction between any two bodies may be of the following 
kinds: MW I 

(I) Thrust or Pressure—This occurs when one body presses 
against another. Thus when a book rests on a table, it presses 
the table vertically downwards by its weight, while the table 
exerts a pressureon the book vertically upwards, called the 
thrust (or the reaction) on the! book: | These two forces must 
always be equal and opposite under static condition. 

(2), Pull. or Tension—This occurs. when | two bodies pull 
each other through a material medium... Thus.. when a body is 
kept suspended by a string, the. weight of the body pulls the 
string downwards, while the string pulls the. body upwards 
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with an equal force called the tension of the string. The 
"upward force is thus equal to the weight of the body suspended. 


Horse pulling zm 


a Carriage—Let 

a. carriage be ^ 
pulled by a horse 
(Fig. 49) ^ We 
Shall now consi- 
der how the mo- 
tion of the system 
is possible in spite 
of the fact that 
tensions along the 
tie-rod D are al- ! 
Ways equal and Fig. 49 
Opposite. : 


r, the system is under the action ofa resultant force p-r, 
Which. makes the System move in the forward direction. 


To find the tension q, consider the carriage and the horse as 
two separate systems having common acceleration. Then the 
resultant force acting on the carriage is q—r producing the 
acceleration, and: the force P~4q produces the. acceleration of 
the horse... On Knowing their masses and acceleration, tension 
can be found. If the horse moves with a uniform velocity, 


vous (Sh Attraction and Repulsion— These forces occur. between 
two bodies acting on each other at a distance. Thus two oppo- 
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which is equal and opposite to the force causing the body to 
slide down. Again in walking, one presses against the ground 
in a backward direction with his feet and the frictional reac- 
tion of the ground gives him an equal forward force which’ thus 
sets him in motion. Hence, it is difficult to walk’ on a very 
smooth surface. 


The principle applies equally in case of bodies in motion, 
When we jump on the shore from a boat, the boat is found to 
be pushed backward and the momentum of the boat is equal 
and opposite to that of the man. Again, when a bullet is fired 
from a rifle, the bullet is hurled forward violently by the force 
of the expanded gas. The bullet also exerts an equal and oppo- 
site force on the expanded gas, which pushes the rifle back- 
ward. The momentum of the rifle is equal and opposite to 
the momentum acquired by the bullet ; but as the rifle is much 
heavier than the bullet, its motion is much less. The back-push 
of a rifle, when fired, is a well-known fact. ( 


The motion ofa rocket is due to the burning of a fuel 
contained init. During combustion à stream of gass is given 
off downwards with a great force and due to reaction the 
rocket shoots upwards. Thisis the principle on which a space- 
ship is guided. When streets are watered, water rushes out 0} 
the hose-pipe with a force, the backward reaction of which is 
felt by the water-man. j 


38. Rocket Propulsion—The motive. power of any object 
by the rocket motor depends on the principle of the conserva, 
tion of momentum. In most general case this principle is used 
in projecting a body high up in the atmosphere or even beyond 
it. The rocket mainly consists of three parts : Gi) The tower 
or the nose N inside which there is a closed room for the 
aeronaut and instruments (Fig. 50), (i) The fuel tank T 
containing the liquid or solid chemicals for combustion, (iii) 
The rocket motor M in which the fuels can be transferred. in 
proper proportion by pressure and rate of combustion can be 
controlled from the tower chamber. oen, 

The base of the rocket engine is provided with a number. of 
nozzles which eject out the gaseous products of combustion in 
a desired direction. Suppose that the rocket is to be lifted 
vertically ‘upwards. In such a case the rocket is placed on a 
launching pad L in a vertical position (Fig. 50). On. starting 
the engine the fuel ignites in the cylinder of the engine and hot 
gases are expelled violently through the nozzles vertically 
downwards. The expulsion of the gases in a downward 
direction gives an upward momentum to the rocket and ‘this 
change of ‘momentum per second is the upward force that 
lifts. the rocket and gives it the required motion. du 
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ot Theory. of ‘motion :—Let m be the mass of the rocket 
including the fuels at the start. As fuel burns explosively and 
is ejected out; the mass continuous- 
ly diminishes. Let ôm be a. very 
small part that burns out in a small 
interval of time of ôt. Let v, be the 
downward velocity of the gas rela- 
tive to the rocket, If y the velocity 
of the gas ‘relative to the earth, 
then so long as the rocket does not 
get a start. We py, 


: The momentum of the exploded 
gas in time ôt=ômx Yr. Thus, the 
tate | of change | of momentum 
mae Vr Which isa force applied Á 
to the rocket in the upward direc- Fig, 50 Fig. 51 
tion. By controlling 3m, a Stage can be attained at which this 
force becomes equal to the residual weight of the rocket. The 
rocket then begins to leave the launching pad: Let v be the 
velocity at. any Instant of the rocket when it is at some position 


in the atmosphere (fig 51). Then the velocity of exploded gas 
relative to the earth is given by y'— y — Yr and its momentum is 


the rocket With unburnt fuel has decreased to m —àm and its 


SoB Newton’s Second Law, 


Oita (Boros ares Un) Whence F 8 = (my) ** (38,1) 


Therefore PSUS, 1 
fara reson 7h81 —[(m = dm) (9X8) --5m (y I my oes (38,2) 
vta exImy--m8y — vom —m.8y-L yas — Yyóm — my] 
Hg» (po =mdv — y,.8m neglecting êm.sy Which is very 


small m2, On 
Pal ms My T -mg AR "5/9 815(38,3) ++» | 


of the equa- 
Hon Fepresents, the resultant force on the rocket. The first teri 


9n the right gives the upward thrust on the rocket and mg is the 
Weight of the Tocket at that instant, The upward thrust 4s thus 
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proportional to the relative velocity v; of the ejected gas and the 
mass of the gas ejected per unit time which is 5m/8t. 


f . ôv nmm 
Acceleration of the Rocket= =a ~ ma E (93984 


As the rocket shoots up, the value of g decreases. In the 
outer space far from planetory bodies, g becomes negligibly small. 
The values of v, and àm[8t' remain approximately constant while 
the fuel is being consumed but m continuously decreases. Hence 
acceleration of the rocket increases till the last drop of fuel in 
it. When long flights are required the tank T as well as rocket 
engines are linked together in various compartments, one. above 
the other, When fuel in the lowest tank is exhausted, it is auto- 
matically dislodged from the rocket with its ejectors. Then the 
upper tank with its ejector comes into operation. This one is 
also dislodged’ when its fuel is'exhausted. Such'an arrangement 
is called a multi-stage'rocket. In Apollo excursions to the moon j 
three stage saturn rockets were used by NASA of U.S.A. 


Examples ; A rocket during its first second of fight loses xdg Of its 
mass with an ejecting velocity of 7000 ft per second. What is the acce- 
leration of the rocket ? Take the mean value of 9=32ft/sec?. 


$ Eed iea baie 
Answer; Here m "i09" 7000ft/sec. and §f=1 sec, 


ny z =accoleration=7000 ed n " D d ds Magd. 

In early stages, smaller rockets carrying scientific instruments 
to record the conditions of the upper atmosphere were usually 
launched. These instruments were brought to the earth's sur- 
facé at a slower rate by parachutes. The first human aeronaut 
to goup the atmosphere was a member of the Soviet Academy in 
a Sputnik in 1954, Thereafter very many types of rockets such 
as Gemini, Saturn, Pioneer, Ranger, Mariner, Apollo, Souje, etc., 
have been deviced by America and Russia. These rockets could 
be launched and revolved round the earths in suitable orbits 
with aeronauts within it. Upto year 1965 about 154 artificial 
satellites were put around the earth in different orbits. 


Examples. 


1, A force of 120 poundals acts for 2 seconds on a mass of 24 lbs. 
initially at rest and then ceases to act. Find the velocity acquired and 
the space moved over by the body during the time. How far will it 
move during the next half-a-minute ? : 

‘Ans. Tho equation P=mf gives 120=24f, whence f=. This shows 
that so long as the force acts upon the body, it moves with an accole- 
ration of 5 ft./sec.®. But the force acts for 2 secs., the initial velocity of 
the body being zero. : i 
*. ‘the final velocity after 2 seconds=w-+ ft=(0+5% 2)=10 ft./sec. 


Again, the space moved over by the body in 2 seconds=ut+} fis 
(04-1 x 6x4) ft. = 10 ft, 


‘making an angle d with the normal 
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As soon as the force ceases to act on the body, there is no acceleration 
andthe body moves with a constant velocity of 10 ft. per sec. Hence 
during the next half a minute, it moves through (10 x 30) 2300 ft. 

2. A shot of mags 40 Ibs. leaves a om with a moed iof 1000 bru 

i i is 44% ft./se0., its mass in tons. 
Tf the velocity of recoil of the cannon 4} ft./ [Utkal U. 1951] 


Ans. From the law of reaction, we know that the momentum of the 
shot is equal and opposite to the recoil momentum of the cannon. 


28 . . 
Henco 40 x 1000=M x 433, whence M Anh: ifthe required mass 


125 
be M. 
40,000 x 28 
^ M-j5 384x920 tons=4 tons. 


3. A shell of mass 40 lbs. moving with a velocity of 12 ft./sec. explodes 
and bursts into two portions of masses 28 Ibs. and 12 lbs. respectively. 
Ifthe former be brought to rest owing to explosion, find the velocity of 
the latter, 


Ans. Let the velocity of 12 Ibs, be v ft. [seo. after explosion. 

The initial momentum of the entire shell=40 x 12480 poundems. 

The final momentum of 28 lbs, is=28 x0=0, 

The final momentum of 12 Ibs. is= 12x v— 12v poundems. 

From the principle of conservation of momentum we got 480 — 12v-- 0, 
| whence v=40 fi. sec. 


*39. Elastic Impact—If a marble ball is allowed to fall 
upon a cemented floor, it rebounds to a certain height. But 
ifthe same ball is allowed to fall:upon an wooden floor, it 
rebounds to a much smaller height. If again, instead ofa 
marble ball,.an ivory ball be dropped on the cemented floor 
from the sai height, it rebounds to a larger height. The 
Velocities before and after impact may be calculated from the 
distance fallen through and the height of rebound. As a result 
of experiments Newton derived the following conclusion : 

For the same pair of substances undergoing elastic impact, the 
velocity after impact bears a constant ratio to the velocity before 
impact and is independent of the masses undergoing impact. 


;This ratio, which depends on the 
material of the ball and the floor, is 
known as the Coefficient of (elastic) 
Restitution. Suppose that a ball is 
colliding in a direction RO against 
a fixed plane PQ with a velocity u 


ON to the surface at the point of 
incidence and that it has no motion 
of rotation (Fig. 52). After impact, Fig. 59 
let the velocity be v ina direction ran 

making an angle 0 with the normal. Now resolve the incident 
velocity into two components, viz., usin 4 parallelto and u cos $ 
perpendicular to the colliding plane. ` In a similar manner 
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Now as the plane is supposed to be perfectly smooth, there 
cannot be any force acting on the ball parallel to the plane 
during impact and consequently the parallel component of the 
velocity remains unchanged. Thus v sin 0—u sin $ *(39,1) 

By Newton's Law the perpendicular component is altered 
by a certain ratio. Let the ratio bee; then v cos 6=eu 
cos ¢ ses (39,2) 

. vcosÓ e.u. cos 

"^ Senos d , whence cot 0—e cot $ * (39,3) 

An ideal case is one in which collision is perfectly elastic. 
In that case e becomes equal to unity and 6—4. In such a case 
the angles with the normal before and after impact are equal. 

If m be the mass of the ball, then due to a single collision 
the change of velocity is u cos $--ev cos 0 and the change of 
momentum is m (u cos $--ev cos 0). This change of momentum 
taking place within a very short time acts as an impulse, handed 
on to the plane surface during the act of collision. If the ball 
collides n times per second under similar conditions, then the 
total change of momentum per second is mn(u cos ¢+ey cos 6). 
By the Second Law this quantity acts as the force exerted by 
the collisions on the plane surface. This principle is applied 
in the theory of gas pressure on its bounding wall due to 
molecular collisions on the wall. 

Examples : 

1. A glass marble, whose mass is one ounce, falls from a height of 25 
ft. and rebounds to a height of 16 ft. ; find the impulse and the average 
foree between the marble and the floor if the time during which they are 
in contact is 0'1 second, the acceleration of fall being 32 ft./sec.?. 

(Nag. U.—1951) 

Ans. Let the velocity of the marble at the instant of colliding against 
the floor be v ft.[sec. When falling from rest through a height of 25 ft. 

v? —0?--2x 32x25, whence v 40. i 

When rebounding toa height of 16ft. let the velocity of start just 
after collision be v, ft.[sec. Then, 

0?—v,? —2x 32x16, whence v, —32. 

The direction of velocity being reversed after collision, the change of 
velocity is evidently (40+32)=72 ft. per second and consequently the 
change of momentum of the ball is Jyx72 ft. pound per sec.—45 
poundems=impulse handed on by the marble to the floor during a period 
of 0:1 second. 

Again, since force x time impulse, 

the required foroe- impulse time —4:54-0*1— 45 poundals, 

40.; Composition of Forces—If a particle is simultaneously 
acted on by two forces in the same straight line and in the 
same direction, their’ resultant is equal to the sum of the two 
forces and acts in the same direction. If the two forces act in 
opposite directions, the resultant is equal to the difference of 
the two and acts in the direction of the greater of the two 
forces. If two forces act in ditections inclined to each other, 
their resultant is found by the parallelogram Law enunciated 
below + Crate ae Tae, p j 
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Parallelogram of Forces—Jf two forces, acting simulta- 
neously at a point, be represented in magnitudes and directions 
by the adjacent sides of a parallelogram drawn from. a point, 
their resultant is represented in magnitude and. directien by. the 
diagonal of the parallelogram passing through that point. 

Thus, if a particle at O be acted upon simultaneously by two 
forces p and q, represented in magnitudes and directions by OA 
and OB respectively (Fig. 53), the diagonal OC represents the 
resultant in magnitude and direction. Proceeding as in Art. 21, 
it can be shown that the resultant R is 
given by the equation c 

R?-—p*-t q* «2pq cos « + (40, 1) 
‘where « is the angle (AOB) between 
the directions of p and q. 

Af the direction of R is inclined at 
an angle 8 to that of p; then 
og sins it 
"1 P-Fq 008 & (40.2) 

Main Le vp forces act at right angles to each other. 
i = Dt EOR, R—V p! Tq? and tan 6—qlp. * (40,3) 

ince a force has some magnitude and direction, it is a 


“vector. According to Art. 24, we can then write 
( —— T> — 


Fig.::53 


` tan ð= 


pr g=R see (40,4) 


f Experimental Verification—Take three stri t 
4 point O and attach the’ other ends of the’ stb to hows 


spring balances L, M and N 
(Fig. 54). Attach the spring 
balances to hooks fixed oma 
drawing board in such a way 
that the strings are kept well 
stretched. From the readings 
of the balances find the 
forces acting -along ‘the 
strings and let them be repre- 
sented by p, g and R respec- 
9 tively. -Now on the paper 
Fig 54 dd oR the pris mute te 
ti j "S ection , o E an . 
"Measure lengths OA and OB to represent p and De 
Complete the par elogram OBCA and join OC. It is found 
that the length. of the diagonal OC. represents the resultant 
Rin magnitude and direction in the same proportion. (Vide 
J. Chatterjec's Intermediate Practical Physics). The force. R is 
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called the equilibrant of p and d; since the three forces together 
keep the point O in equilibrium. ^ MS INN 
Illustrations of the Principie—A ship being towed by two 
tugs in two different directions will not move in the direction 
of either but will take an intermediate dircetion, which, cam be 
obtained by Parallelogram Law. í $ ) | 
A bird while flying in air strikes air with wings and so air 
reactions act in the opposite directions (Fig. 55). If these 
reactions OY and OX are represented in magnitudes and 
directions by OA and OB respectively, the diagonal OC of the 
parallelogram OACB represents in magnitude and direction the 
force which makes the bird move forward. By varying the 
muscular effort of either wing the corresponding reaction may 
be altered and hence the direction of the resultant, i.e. the 
direction in which the bird flies, may be changed. de 


Resolution of a Force— 
A single force can be resol- 
ved into any two. or more 
component. forces. When 
two component forces act 
at right angles to each 
other, each component is 
termed a resointe or the 
resolved part of the given 
force in, that. particular 
direction. In Figure 43 a 
vector R is represented by |: 
OS. in. magnitude. and ee 
direction. If u and y be the Pig. 55 
resolved parts represented by. OP) and OQ and /SOP=«; it 
has been shown that P=OS cos « and Q=OS sin «. 


Some Practical Illustrations— The following ^ cases 
illustrate the resolution of forces. l 
Pulling of a Boat by a single Tug- Suppose à boat is 
pulled by a single tug attached to the mast at O and let the 
pulling of force be represented by OR '(Fig. 56). This forcé 
can be resolved into two components, viz, OA parallel to 
: the length of the boat, and 
OB normal toit. The former 
pulls the boat "ahead, while 
the latter tends to move it 
sideways. Thesideway motion 
is less effective, since water 
| exerts a large reaction to the 
Fig. 56. entire length of the boat and 
the inclination of the rudder D helps to increase this reaction. 
Sailing of a Boat—Let AB represent the length of the boat, 
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CD is the sail and WC is the direction of the wind (Fig. 57), 
Let CE represent the force exerted by 
the wind on the sail in magnitude and 
direction. If this force is resolved 
into two components, viz., CF perpen- 
dicular to the surface of the sail, 
and CD along the surface, only the 
former component would be effective 
in exerting a pressure on the sail, 
while the latter component would 
glide past the sail. Let CF be now 
resolved into two components, viz., 
CK along the length of the boat 
and CH at right angles to it. The ie. 57 
component CK tends to move the boat Fig. 5 

forward, while CH tends to move it sideways. But owing to 
great resistance offered by water to motion in this direction 
and also to that caused by proper inclination of the rudder, 
the component due to CH is almost ineffective and the boat 
moves forward due to the component CK. This shows how 
with the proper adjustment of the sail, a boat can advance 
even partly against the wind. In days past, before the intro- 
duction of steam power, ships had to be steered on high seas 
almost in any direction irrespective of the motion of wind by 
only adjusting a number of sails. 

Action on Bicycle Crank—Let the position of the crank AO 
be oblique at an instant, as shown in Figure 58. Let the foot 
press the pedal vertically downwards with a force represented by 
OR. This force can be resolved into two components; OA 
which is along the crank and OC which is perpendicular to the 
crank. Only the component OC is effective in driving the- cycle, 
while the component OA is entirely inoperative. Evidently 
then, when the pressure of the foot acts normally to the crank 
In its horizontal position, the most effective is the pedalling. 

* Moving a Lawn Roller—When pulling a road roller as shown by 
the position P, the force exerted by the hand may be represented 
by DE (Fig. 59 left). This can beresolvedinto two components :— 


c 
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DF and EF, parallel and perpendicular respectively to the sur- 
face of the ground. The former is effective in dragging the 
roller, while the latter acting vertically upwards’ decreases the 
pressure on the turf, caused. by the weight of the roller. When 
pushing the roller as shown by the position T, the force applied 
is given by AC (Fig: 59 right) and the component BC of 
applied force is effective in moving the roller, while the compo- 
nent AB acting downwards adds to its weight It thus increases 
the pressure exerted by the roller on the ground and makes 
the job difficult to push the roller. Similarly, it is easier to 
pull a parambulator than to push it. 


Flying of a Kite—Suppose a kite K is flying in air (Fig. 60). 
The kite is acted on simultaneously by (i) its own weight W 
acting vertically downwards, (ii) the tension T of the string, and 
(iii) the whole pressure on its surface due to the wind. Let the 
effect due to the pressureiof the wind on the surface of the kite 
be taken to bea single force, acting. at K and represented by’ 
DK. Let the weight W be represented by KA, and the tension 
of the string by KB, So that there are three forces acting on 
the kite at any moment. Let the resultant of the tension T and 
weight W be represented by KC. The wind pressure, represented 
by DK, can be resolved into components EK, along the. face of 
the kite and the other along CK perpendicular to the face 

of the kite. The  compo- 
nent EK glides over the kite 
and has little effect. If this 
latter component be exactly 
equal to and opposite to the 
resultant KC, the kite remains 
in equilibrium in air. 

If the wind pressure be 
higher, the normal component 

Fig. 60 also increases and the kite rises 
up, until the resultant of T and 
W again becomes just equal and 
opposite to the normal component.so as to produce equilibrium. 
Again, when the wind pressure decreases, the kite comes down. 
If the wind pressure remains the same and the string is let loose, 
the tension T decreases so is the pressure and hence the kite 
dips.down,. When the wind is gusty, the magnitude and direction 
of its pressure change suddenly and the kite moves irregularly. 
This is diminished by attaching a tail L to the kite, which 
increases the inertia and opposes any sudden movement. Near 
the ground, where the wind pressure is less, the man flying the 
kite is to run fast to produce a sufficient wind thrust upon the 
kite ; but ‘when the kite rises to a height, the thrust is consi- 
derable and running may not be necessary. 
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Il 41. Triangle of Forces—If three forces, acting on a particle, 
be represented in magnitude and direction by the sides of a 
triangle, taken in order, the forces arè in equilibrium. In Figure 
37, the forces AB and BC acting at A can be represented. by the 
sides AB and BC of the triangle ABC. ...By the parallelogram 
law of forces, the resultant R. of these'two forces is represented 
by AC. Hence if a third force equal and opposite to R and 
represented in magnitude and direction by CA be impressed on 
the particle, it is found to. be atrest. In other words, the 
particle under the action of the three forces represented by the 

. sides AB, BC and CA of the triangle ABC, taken in order, will 
be in equilibrium. The statment ‘taken in order’ means that 
the direction of the three forces must go round the triangle, all 
in the same direction, clockwise or counter-clockwise. 


The converse of Triangle of Forces may be stated thus.—If 
three forces acting at a point. are’ in equilibrium, they can be Í 
: represented in magnitudes and directions by the sides of a triangle | 
| taken in order. 


Some Practical Illustrations —The following cases illustrate 
the principle of triangle of forces : 


| A Hanging Picture—Figure 61 (i) represents a picture sus- 
pended vertically by a cord passing over a single nail O and 
attached at the points A and B of the picture. The picture is in 
equilibrium under the action of three forces, viz., (i) weight W 
of the picture, (ii) the tension T; ofthe cord represented by 
AO, and (ii) the tension Ta 
of the cord represented by BO. 
Let ab represent the weight 
W of the picture in magnitude 
| and direction (Fig. 61 ii). 
Ii Draw bc parallel to AO and ac 
| parallel to OB meeting each 
ll other atc. Then bc and ca 
represent tensions T, and T; 
respectively, and as the same 
| cord passes round O, tensions 
T, and T, are equal. If the 
cord is shortened, as indicated 4 
| byi ANB. the tension increases, ae Pl 
| for. the triangle abc now takes the form of the dotted triangle 
Hes: abc. ' Evidently; if the cord is ‘shortened too much, if is under | 
| higher tension and is more likely to sap. 


Gi) 


„A Simple Crane—A simple crane consists of a stout vertical 
pillar to which a movable rod R is hinged at the base. A 
pulley is fixed at the other end. over which a chain ora wire 
rope can run. A weight W to be lified. is tied at one end of 
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Apt 
for A Se ^g 7 and forB, j- Vi$-i. This ratio from either of the 


cases is found to be 3: 2. 

3. The turning points of the pointer of a balance were observed to be 
successively 13, 8, 11. With the body on the left pan and 2482 gm. on the right 
pan, the turning points were 14, 9,12. Onadding 10 more milligrams to the 
weights, the turning points became 10, 3,8. Calculate the correct weight of 
the body. The pointer scale is graduated from 0 to 20. [Mys. U.—1952) 

Ans, Supposing the scale of the pointer to begin from the left, it is evident 
from the sets of reading of the turning points that for any set two readings were 
taken to the right, and one tothe left. Hence, the resting point in each case is 


to be found thus : 


(i) When the pans are empty and since 11212, 


Resting point=!24 8.10. 
(ii) With the body on the left pan and 24°82 gm. on the right, since 
m. 13. Thus the resting pointe 39-11. 


This shows that body, which is kept on the left pan, is heavier than the 
weights placed (72482 gm.) on the right pan by a load which shifts the 
resting point by one division only. 

108... 

T» 


(iii) With the addition of 10 mgm.—'01 gm., since 


Then the resting point is 2436, 
Thus 5 divisions of resting point are shifted for ‘01 gm. 
4, 1 division E is —. for ‘002 gm. 


Hence the true weight of the body=(24'82+"002) gm.=24'822 gm. 


65. Centre of Gravity—Any material body may be supposed to 
consist of a large number of particles bound together. Due to 
gravity every such particle is attracted towards the earth with a force 
proportional to the mass of the particle (Fig. 94). All the component 
forces act towards the centre of the earth. But since the centre is at 
a large distance from the surface of the earth, all the forces may be 
considered to be parallel and. acting vertically downwards. The 
resultant of these parallel forces is thus equal to the weight W of ihe 
body acting vertically downwards at a single point. This point is 

C. G.). Thus, in Fig. 94, a, 


called the centre of gravity (written as 
b,...m, n, etc., represent the particles of the body, whereas the arrow- 


heads indicate the individual weights. The point G representing 
the point of application of the resultant is the centre of gravity of 
the body. 
When the body is rotated to a different position, the attractions 

n the same in magnitude and direction, 


on the particles still remai 
being parallel to one another and so the resultant passes through the 


same point as before. P 
Hence the centre of gravity of a body is a point fixed relative to it, 
through which the resultant force due to earth's attraction on all the 


Pt. I/G—7 
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particles constituting the body always passes, in whatever way the 
relative position of the body changes, 
provided the size and shape of it 
remain unaltered. In other words, 
the centre of gravity of a body is 
the point through which the line 
of action of the weight always 
passes. 


As the line of action of the 
weight of the body passes through 
its C.G., a force equal to the weight, 
which acts through the C. G. in a 
vertically upward direction, would 
keep the body in equilibrium. Thus | 

if a body is suspended by a string, the C. G. lies vertically below the 
point of suspension. 


Centre of Mass—If we consider the masses of the particles 
constituting a body and if a system of parallel forces proportional ia 
magnitude to the masses of the particles be drawn, the point,at which 
the resultant of all these forces may be supposed to act, is called 
the centre of mass or mass centre of the body. Hence, it is the point, ' 
at which the whole mass of the body may be Supposed to be concen- 
trated. If the forces, proportional to the masses, be all drawn in 
the vertically downward direction, the centre of mass coincides with _ 
the C. G. of the body. The centre of mass is all important in the 
motion of a body in free space where there is no gravitational force. 


C. G. of Symmetrical Bodies—The position of the C. G. of a body 
can be determined from the principles of Statics. But in some simple ` 
cases, it may be inferred from the considerations of symmetry, the 
bodies in such cases being supposed to be of uniform density ` 
throughout, ? 


For example, the centre of gravity— 
(1) ofa uniform straight rod, a piece of wire or a beam, etc., is 
at the middle point of its axis ; 
(2) of a uniform circular lamina or a Sphere is at its geometrical © 
centre ; : 
(3) ofa uniform circular ring is at the centre of the circle ; 
(4) ofa uniform parallelogram or a regular parallelopiped is at — 
the intersection of its diagonals ; { 


_G) ofa uniform cylindrical body, solid or hollow, is at the © 
middle point of its axis ; ` 1 E 


(6) of a uniform triangular plane is at its centroid. 

66. Determination of the C. G. of a Lamina—When a body is | 
freely suspended from a point by a string, the C. G. of the body lies ` 
Somewhere on the prolongation of the stringby which the body i$ 
Suspended, 

_ Takeathin sheet of a metal piece and suspend it by a string 
attached to some point near its edge (Fig.95). Hang a plumb line © 


Fig. 94 
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from the point of suspension and trace on the sheet a vertical line 
through the point of suspension, In asimilar manner suspend the 
sheet at two or three different points and find, as before, the vertical 
line through the point of suspension in each case. It is found that the 
verticals cut one another at a single point G. The point G is the 
required centre of gravity of the sheet. 7 


, The centre of gravity of a lamina may 
also be found by balancing it on a hori- 
zontal edge. The plate is placed on a 
table and moved towards the edge, until 
it is just on the point of toppling over. 
A line is then drawn on the -undersurface 
of the lamina along the edge of the table. 
The C. G. of the plate lies somewhere on 
this line. By turning the plate and pro- 
ceeding as before, another line is obtained. 
The point of intersection of these two 
lines gives the position of the C. G. of 
the plate. If the plate is supported at 
this point, it remains balanced, The 
centre of gravity of an object of small 
thickness (e.g., a bicycle) may be deter- 
mined by the method of suspension or 
balancing. But, in any case, the steering 
arm must be fixed rigidly, as any change ' 
of position of the front wheel will alter the position of the centre of 
gravity of the bicycle. i 


67. Equilibrium of Bodies—If a body remains at rest under the 
simultaneous action of two or more forces, it is said to be im 
equilibrium. As the weight of body acts vertically downwards 
through its C. G., the resultant of the reactions at the point of 
support of the body in equilibrium must act vertically upwards 
through the C. G. of the body. So in the case of the body, supported 
at one point (for example, when suspended by a string attached at 
one point or when balanced on a pivot) equilibrium is possible, 
when the C. G. of the bod¥ either coincides with the point or is 
above or below the point in the same vertical line. Further, the 
force supporting the body (or the force of reaction) at the point of 
support must be equal and opposite to the weight of the body. Wa 
body is supported at two points, the resultant reaction passes through, 
some intermediate point and so for equilibrium the vertical through 
the C.G. of the body must lie between the two points of support. 

In the case of a body supported at three or more points (for 
example,a tripod stand or a glass tumbler placed on a table), the area 
obtained by joining successively the outermost points of support is 
called the base of the body. Equilibrium is possible, only when the: 
vertical through the C. G. falls within the area of base. For, in that 
case, the resultant reaction may pass through the C. G. of the body. 
If it falls outside, the body overturns and takes a new position of 
equilibrium, in which the vertical falls within the base. If a rectane 


" AN 
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gular block of some heavy material is gradually inclined, it will be 
found that so long as the vertical through the C. G. of the block 
falls within the base area, the body will not topple over, whatever 
its inclination may be. 


Evidently then, the wider is the base, the greater is the stability 
of the body ; for, even if the body is sufficiently inclined, the vertical 
may still pass through the base. This is clearly shown by the Leaning ¥ 
Tower of Pisa and a certain building at the Varanasi Ghat. Again, © 
a quadruped stands or walks more stably than a man. A table with a 
an extended base may not turn over, even when a heavy weight is | 
placed on one side of the top. To make it more stable, a mucilage © 
bottle is given a conical shape with a wider base. In the ordinary 9 
erect position the C. G. of a man is nearabout his navel; under 
different conditions, the man changes his form to come to a stable 
position. Thus a man carrying a heavy load in one hand (say, the 
right) bends his body towards the left and often extends the arm on 
that side at full length. . Here the C. G. of the man with the load is 
shifted towards the side of the load. But by a suitable bend of the 
body or by a proper extension of the hand towards the left, the 
C. G. is shifted. In fact, it is easier to walk with two equal loads, 
one in each hand, than with the two in one hand. If the man carries | 
the load on the back, he bends his body forward. When a man is 
seated on a chair with the legs hanging down, he is in an equilibrium © 
position. If he inclines himself backwards, so that the chair rests _ 
on the two hind legs, the man has to extend his legs forward as far 
as possible. In a circus show while walking on a rope, the performer ^ 
holds in his hand a long pole or an open umbrella, which helps him 7 
to keep the C. G. vertically above the rope. ü 


68. Different States of Equilibrium—It has been explained that 7 
a body remains in equilibrium, whenever the resultant upward 1 
reaction passes through the C. G. of the body. The static equilibrium — 
(i.e., the equilibrium of a body at rest) may be of three kinds, 
namely stable, unstable and neutral. 
A body is said to be in a stable equilibrium position, if on being ` 
a slightly displaced, it tends to come 
back to its original position. Thus 
a table or a cube resting on its T 
side, a right circular cone (Fig. | 
96 P), a funnel resting on its base 
and a pendulum at rest are 
examples of stable equilibrium. 
a A body is said to be in unstable 
Fig. 96 TE E equilibrium, if on being slightly dis- 
placed from that position, it does not come back to its original posi-, 
tion but tends to move farther away from it. Thus a cone resting on. | 
the apex (Fig. 96 Q), a stick balanced on the finger and an egg 
Standing on its end are examples of unstable equilibrium. i 
, A body is said to be in neutral equilibrium, if on being slightly ` 
" displaced, it neither returns to its original position nor moves farther 
away from it, but remains in its new position as before. A uniform 
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sphere ona flat surface, a right circular cone (Fig. 96 B) and a 
cylinder resting on its side are examples of neutral equilibrium. 


A body always tends tokeep the position of the Centre of Gravity 
as low as possible and the three states of equilibrium depend on the 
relative position of the centre of gravity. Tn all cases of stable equili- 
brium, the C. G. occupies the lowest possible position, so that a slight 
displacement tends to raise the position of the C.G. Hence, the body 
returns to its original position as soon as it is free to do so. In all 
cases of unstable equilibrium the C. G. occupies the highest possible 
position, being always higher than the point ofsupport; so that a 
slight displacement tends to lower the C. G. and thus bring the body 
toa more stable position. In all cases of neutral equilibrium, the 
C. G. is neither raised nor lowered by a slight displacement of the 
body and so the body remains in any position. 


For a body supported at one point, the point of support is higher 
than the C. G. in cases of stable equilibrium, lower than the C. G. in 
cases of unstable equilibrium and coincides with the C. G. in cases of 
nautral equilibrium, To keep the C. G. at the lowest possible 
position a ship is loaded with ballast and a wagon is loaded with 
heavy materials at the bottom. For the same reason the lower deck 


of a double-decker omnibus should be loaded more and it is risky for . 


too many passengers to go up on the higher deck. 


69. Static Equilibrium and Potential Energy—A body is in 


equilibrium position when its potential energy is either a maximum or 
aminimum. If its potential energy is maximum, any disturbance 
gives rise to a couple tending to rotate the body further. Thus 
when the potential energy of the body is maximum, tts equilibrium is 
unstable. Again, when the potential energy is minimum, any distur- 
bance sets up a couple tending to bring back the body to its equili- 


brium position. Thus when the potential energy of a body is minimum ` 


its equilibrium is stable. In a state of neutral equilibrium, the 


potential energy of the body remains constant for any small displace- . 


ment. 

Dynamic Equilibriun—A body in motion may be in stable equili- 
brium in a position, in which it is unstable when at rest. The equili- 
brium in this case depends on the motion of the body and the body 
is said to be in a state of dynamic equilibrium. A rotating top anda 
cyclist in motion furnish examples of such cases. 

70. Simple Harmonic Motion—A body is 'said to execute a 
Simple Harmonic Motion (S. H. M.)* when it Shows the following 
characteristics :— à i 

ee ee E 
* For a detailed study of Simple Harmonic Motion, the student is referred 
to Chapter II of the part on Sound of this Book (Part I. In short, if x be the 
displacement of a particle of mass m, measured at time ¢ from the position of 
equilibrium and if k be restoring force per unit displacement, the equation 
of S. H. M. may be written in the form : : À 


x=a sin (Ee y If we put Knot, then x=a sin (wf+9) 


where a=ampl tude of oscillation and 6 is a constant known as epoch. 
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(i The motion is periodic.—This means that the body in motion 
passes through the same succession of positions after each definite 
interval of time. 

(ii) The motion is assumed to take Place ina straight line, such 
that the acceleration of the body is always directed towards a fixed 
mean position called the position of equilibrium. 

(ii) The magnitude of the force acting on the body at any point in 
itspath is proportional to its displacement from the fixed mean position. 


71. Pendulum—A simple pendulum is defined to be a heavy point 
mass, suspended by a weightless inextensible and perfectly flexible 
string from a fixed point, about which the pendulum oscillates without 
friction. Evidently, it is not possible to have such a pendulum in 
practice, for we cannot isolate a single material particle. Nor can 
we get a perfectly inelastic and weightless String which can oscillate 
without friction at any point. The nearest approach to such a 
pendulum consists of a small heavy metal ball, suspended by a very 
thin and inelastic thread. A compound pendulum consists of a heavy 
mass supported in such a way that it is capable of oscillating freely 
in a vertical plane about a fixed point or a fixed line as axis. A prac- 
tical form of acompound pendulum is that of a clock, which consists 
of a rigid rod having at its lower end a heavy metallic mass and is 
capable of a turning about an axis at the upper end. 


The heavy spherical mass A (Fig. 97), suspended at the end of the 
String, is called the bob of the pendulum. The distance between the 
Point of suspension O and the centre of gravity of the bob is called 
the effective length of the pendulum. One complete to-and-fro move- 
ment of a pendulum is called an oscillation. A pendulum is said to 


_ Execute one complete oscillation, when Starting from any point in its 


path, it comes back to the same point, moving in the same direction. 
Thus when the bob Starts from A, moves to B, returns to A, moves 


‘The number of complete oscillations performed in one second by 
a vibrating body is called the frequency of vibration. If the period 
the T and the frequency of vibration be n, then 


nT=1 or, n= 


The phase of a body executing an S. H. M. gives the state of 
motion at a particular instant and thus determines the instantaneous 
bet of the body in the path and the direction of motion at that 

.72. Motion of a Simple Pendulum.—Let a spherical bob A of 
mass m be suspended by a string of length / from the point O (Fig. 


97). When at rest at A, the w ht of is j h 
tension of the string, “isnt of the bob is just balanced by the 
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Now displace the pendulum through a small angle 0 so as to take 
up the position OB. Resolve the weight mg of the bob acting verti- 
cally downwards into mg X cos 0 along BD 
(which is OB produced) and mgxsin 6 
along BE which is drawn tangential atB to / 
the path AB. The component mg cos 0 is Jc AN 
balanced by the tension T of the string act- / X 
ing along BO. The tangential component rj K 
mg sin 0 is the only effective force which ri y 
tends to move the pendulum towards the. ^ ^ / 
position of equilibrium at A. i x 


c B 
Now if 6 is very small, elementary Cur. PP 
trigonometry gives sin 0—0— TC FALSE 
y radius D 


SS ABS displacement 
OB length of pendulum (/) | 


Fig. 97 


Effective force=mg sind =F x displacement. (72,1) 
Thus the acceleration of the bob at the instant under consideration 


is given by $x displacement, (72,2) 


As g and | are constants, the acceleration along the path cf motion . 
is proportional to the displacement from the mean position of rest. 
Hence the motion of the bob is simple harmonic in nature. 


It can be proved that T2}. (72,3) 


[For details, Vide ‘SOUND’ Art. 8. See also footnote pp. 104.) 


73. Laws of Pendulum —The oscillation of a simple pendulum is 
governed by the following laws :— 

Law I. Law of Isochronism—The oscillations of 1a simple pen- 
dulum of a given length are isochronous. This means that oscillations 
take place in equal intervals of time, provided the amplitude is small 
(within 4° to 5° of the angle of oscillation on each side). The first 
law was discovered in 1583 by Galileo (1564-1642) who casually 
noticed the swings of a lamp hanging by chain from the roof of the 
Leaning Tower at Pisa. For a mensure of time he counted his pulse 
beats during one oscillation of the lamp. To his surprise he found 
that in all cases equal number of pulse beats occurred for every 
oscillation no matter whether the oscillation of the lamp was large 
or small. 


Law IL—Law of Length—The period of oscillation of a simple 
pendulum varies directly as the square root of its effective length. 


If T be the period of oscillation and / be the effective length, then 
Tc y/I. Thus if the length of the pendulum be increased 4, 9 or 16 


times, the period will be 2, 3 or 4 times as large respectively. As the 
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iil length of a pendulum changes with temperature, the period will be 
Ili slightly affected by changes of temperature. i 


aM The law of length also was discovered by Galileo from the same 
observation. The laws were afterwards verified by him by more 
accurate observations. In 1658 Huygens (1629-1693) first applied a 
|i pendulum to regulate the motion of clocks. 


I Law HI. Law of Gravity—The period of oscillation of a simple 
pendulum is inversely proportional to the square root of the accelera- 
II tion due to gravity at the place of observation. If ‘g’ represents the 
acceleration due to gravity, then Tx1]y/g. 


Il If the pendulum be taken from one place to another, where the 
| value of g is greater, the period will be smaller. This means that the 
pendulum will vibrate more rapidly with increasing gravity. 


Law IV. Law of Mass—The period of oscillation of a simple 
| pendulum is independent of the mass or the material of the bob, pro- 
"T vided the effective length remains the same. 1 


The period would remain the same, so long as the distance from 
the point of suspension to the centre of gravity of the bob remains 
unaltered, even if the bob be of different size or of different material. 


If a simple pendulum be made of a thin String and hollow sphe- 
| rical bob, its effective length is the distance between the point of 
| suspension and the centre of gravity of the bob. If now the bob is 
| half-filled with the mercury, the centre of the bob (and hence that of - 
li the system) lowers down resulting in a larger effective length. Conse- 
quently its time period becomes greater. But if it is completely filled, ` 
| its C. G. returns to the centre of the bob and there is no change in 
the period. 

From eqn. (72,3) we conclude 

(i) that if Z and g are constant T is constant. .... Laws I & IV) 

(ii) that if g is constant, To yl (Law II) 

and (iii) that if] is constant Tocl/y/g -« (Law III) 


* By (72,1) the restoring force per unit displacement=mg/]. If the 
amplitude AB=AC=a (Fig. 97) and if the displacement measured um Aata 
l me : be x the equation of motion of the simple pendulum can be written 
in the form 


x=a sin (V+ nm x=a sin (yz 1+4) (724) F 


where $ isa constant. Ifthe period of the simple pendulum be T, then after 
each interval of time T, the displacement x will have the same value. 


Thus x=a si F t-T =a si g rz 
x=a sin [y Ja + +4} or, x—a sin Vye ] 
Equations (72,4) and (72,5) are satisfied, if only 
yr. V SEN T=2r yi 


(02,5) 2 
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74. Verification of the Laws—To verify the laws, take a small 
metal ball, suspended by afine thread from a hook attached toa 
suitable stand. (Vide J. Chatterjee’s Intermediate Practical Physics.) 


First Law—Set the pendulum into oscillation in a vertical plane, 
taking care that the amplitude is very small. By means ofa stop- 
watch, note the total time required to perform a number of complete 
oscillations, say 20. Then dividing the time by the number of oscilla- 
tions, calculate the time period. Repeat the experiment with different 
amplitudes up to the limit of 8° and find the period in each case. It 
will be found that within the limits of experimental error the time 
period in all cases is the same. 


Second Law—Take a pendu- , g5 
lum, the length of which can be 
altered. Measure the diameter 
of the bob at several places by a 
slide callipers and get the mean 
radius. To this add the length of 
the string. The sum gives the 
effective length of the pendulum. 
Note the time required for a 
given number (say, 20) of com- 
plete oscillations and hence find 


TIME PERIOD OF VIBRATION IN SEC 


the time period. Change the 035 

length of the string to different HEFE Bas ! 
values, and in a similar way find oso EEEH FEH 
the time period in each case. : EH 
Take a set of readings as shown 025 HEE EHE 
inthe followingtable. Squarethe 3 EEEH 
time period T and divide it by 20 4o 60 $0 10 10 0 
the corresponding length /. LENGTH OF PENDULUM IN CM. 


It will be found T is a cons- 
tant, that is, Tæ yl. 


Fig. 98 


i i i Time uare of 
Lonnie f Period ioe tern of Period Paperiod 
Pendulum in sec. in scc? Pendulum in sec. in sec. 
in cm. (l) (T) (T?) in cm. (J) (T) DATEI 

200 0:89 178 317 
30'0 1:09 119 1:90 3:61 
40:0 1:26 1:59 2:01 404 
500 1:41 1:99 213 458 
60°0 155 241 219 480 
70:0 1°67 | 2°79 225 


The relation between the length of a pendulum and the time 
period can be represented by the graph (Fig. 98), in which the 
length (I) is measured along the abscissa and the corresponding 
time period (T) along the ordinate. The graph will be found to be 
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parabolic in nature. From the mathematical relation between / and 
T a parabolic form is evident. But since T* zo/, the graphical relation 
is linear as shown in fig. 99. When a pendulum clock gains or loses, 
it is regulated by altering the effective length of the pendulum by 
lowering or raising the bob by a screw nut below it. 


Third Law—This law can be 


$70 E verified by finding the period of a 
FEH H simple pendulum of a given length 
WSEH pen H at different places on the surface 
e mis Er HH of the earth or at different altitudes 
i HAEREA above the same place. It will be 
= 3 HR found that for different places the 
m BEE product of the period of oscillation 
exo AH and the square root of the accelera- 
Iri CHEER tion due to gravity is a constant. 
z ad EHE E : Then, T x 7/g=constant, whence 
wu PORTA H Toi 
& UE vs . 
S EE A relation between T and 1/y/ 
Pe HEHEHEHEH is a straight line. 
ow HEHE ET . Fourth Law—Take spheres of 
20 40 60 0 100 720 different materials and of different 


PEND H sizes as bobs. If necessary alter the 

ragede t diee length ofthe string, but keep the 

Fig. 99 effective length of the pendulum 

the same in each case. Determine 

the time period of such pendulum in the usual way. It will be found 
that time period is the same in each case. 


75. Seconds Pendulum—A simple pendulum, which swings from 
one extremity to another in one second, is called seconds pendulum. 
Hence, the time period of a seconds pendulm is 2 seconds. 


By definition, therefore, we find from eqn. (72,3) that 
g s (L9) 


xu) bo: ES 
m A =2, whence 1— —;- 
As-the value of g varies from place to place on the surface of the 
earth and at different altitudes, the length of seconds pendulum is 
different at different places. Taking the average value of g as 981 cm. 
per sec. per sec., the cnrresponding length of the seconds pendulm is 
given by, ii 
1.981 .. 981 
"v 987 
Again taking g=32'2 ft. per sec?, l= anian, 
There is some misconception about the nature of the pendulum 
clock. Although every such wall-clock is regulated by the periodic 
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motion of a pendulum, such a pendulum is neither a simple pendulum 
not it is generally a seconds pendulum. In a wall clock the pendulum 
is much shorter than the usual seconds pendulum and as such its 
beat-period is much less than a second. But by the proper 
adjustment of gear and release wheels, the minute hand ofthe clock 
is adjusted to rotate over à complete circle in one hour. However 
there is one type of large clock, popularly known as Grand Father's 
Clock, which is provided with an actual seconds pendulum. This 
clock is used in the Laboratory to standardize a seconds pendulum. 
76. Determination of the value of ‘g’ by the Simple Pendulum—It 
is evident from eqn. (72,3) that a simple pendulum furnishes a very 
convenient method of determining acceleration due to gravity at a 
place. For that purpose we note that, y 


T=2 4 d or T? =á", 


whence gaat d. e«:(76,1) 


Taking a simple pendulum, its effective length (J) is carefully 
measured and the mean time period (T) is accurately determined 
from a number of observations. On substitution in eqn. (76,1) the 
value of g is calculated. Instead of taking the mean value of T, 
the values of | and T? may be plotted on a graph as in Fig. 99 
from which the mean value of //T? is obtained. Thus on substituting 
in eqn. (76,1) the value of g is found. i 

If the experiment is performed at the same place but with bobs 
of different substances, it will be found that so long as the length of 
the pendulum remains the same, the time period will bethe same at 
the same place. This shows that acceleration due to gravity at the 
same place is the same for all bodies. 


Variation in the value of T at different places—As the value of g 
varies from place to place, the value of the time period T of a simple 
pendulum of a given length also changes. Thus if g decreases, T 
increases, and vise versa. It has been explained in Art. 52 that the 
value of g increases from the equator to the poles. Hence if a pen- 
dulum clock be taken from the equator to the poles, T decreases and 
so the clock gains; this means that it goes faster. Again, if at the 
same place, the clock is taken from the surface of the earth to the 
top of a mountain or to the bottom of a mine, the value of g 
decreases and so T increases : hence the clock loses, meaning that it 
goes slower. Within an orbiting satellite moving in a circular orbit 
any object is weightless. Jf then g becomes zero, the pendulum 


will not move at all. 


Examples : 
1. Find the length of a simple pendulum beating $ths of a second at a 
place where the value of g is 980 cm. per sec.^. 


Ans. Let the length of the pendulum be lcm. 
The time period T of this pendulum Qx 2 secs, —] secs. 
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Then we have 


20 T _3 597i 1980-1. 
98077 9^ "C" TETTO 
=55'85 cms. 
2. A faulty seconds pendulum loses 20 seconds per day. Find the required — 
alteration in its length so that it may keep correct time ; given g—32 ft. sec,2, 
[Pat. U.—1953] ji 
Ans. Let the length of the faulty seconds pendulum be / ft, andthe _ 
alteration in its leng'h in order to make it correct be x ít. Since it is 
losing die. its ef'eetive length must have increased and so its correct length 
should be /—x. 


A correct seconds pendulum beats seconds and hence by the standard ` 
formula we get j 


» whence the required length (/) 


or, a) /—*.. ee, AUAN 1 


The faulty pendulum loses 20 seconds a day which consists of 86400 "a 
seconds ; and so i's number of beats in one day--86400—20-— 86380. Its time 
for a single beat is, 


86400 
therefore. 36380 
Hence aj/. T. 26400 He $0 Lu UE 
32 86380 i 
n? 864002 86400) ? |, 32 
3v «fee SO (9997 vs dr zv. 
en aa! a) 20% ! (Seago) Xm" o 
I—-x : 32 34:32 
Now by eqn. (1), 7? i sb or, I-x- or, l Tt = (4) 
From eqn. (3) and (4), we deduce 
32_ (86400 | 2. 32 
UT (exes apr 
327 /86400)2 32 20 y 
or, x» 75 ( 29— J| —4]2 — 22 Á— | acia] gus 
Rem pi sar UL ges) —1] 
m Ju edid. whee ERPI 
S icoa| 1" -pesgg 1], nearly 9:395 863807? 0015 ft- (nearly). 


This gives the desired alteration in length in feet. 


3. A pendulum, which keeps correct time at the foot of a mountain, loses 
16 seconds a day when taken to the top. Find the height of the mountain. — 
(Neglect the atiraction due to the mountain and take the radius of the earth 
as 21 x 106 feet.), 

Ans. Let the height of the mountain be Aft. Denote the acceleration 
s to gravity at the foot and the top of the mountain by g and g’ respectively. 

en : 


ea 1 £g _ (_21X108+h |? a 1) 
(21x108)? ' (21x108+m2” ©” z= 21x 10° ) : : 


The pendulum makes 86400 and 86384 oscillations respectively at the bottom 
and top of the mountain, ina day of 86400 seconds, Then 


aye -: d 5 ]/ Z 86400 g (86400 i 2 
gm al L-- 56:00. whenc E = (see) : Q) 


Combining [1] and [2], guae a (86400 "o yep o 
16x2 


gig— 


6384) ' 4 
=1+ 3i whence the required height h=3891 ft. (approximately). 


GRAVITATION AND GRAVITY 


EXEROISES ON CHAPTER IV 


1. What is meant by the phrase "Constant of gravitation is 

66x 10-8 C. G. S. unit” ? ( Raj. U.—1954 ) 

2. State Newton's law of gravitation. Obtain an expression 

for the acceleration due to gravity in terms of the mass of the 
earth, radius of the earth and the gravitational constant, 

F 1 Raj. U.—1955 ) 

3. What is meant by acceleration due to gravity ? How does 
it vary from place to place ? How does the rotation of the earth 
affect this quantity ? (Cf Raj. U.—1955; And. U.—1961 ) 

4. Distinguish between mass and weight. How are the mass 
and weight of a body affected by variations of latitude? Is 
weight an essential property of matter 7 (C. U'—1956) 

5. Astone is dropped from arising balloon at a height of 
200 ft. above the ground and it reaches the ground in 6 sc¢3. 
What was the velocity of the balloon just at the moment when 
the stone was dropped ? ( C. U.—1952 ) 

Ans. 62/6 ft. per sec. (upwards). 

6. A body of mass 50 gm. is allowed to fall freely under the 
action of gravity. What is the force acting upon it? Calculate 
the momentum and the kinetic energy it possesses after five 
seconds. (g=980 cm. per sec.?.] 

(Del. H. S.—1951 ; C. U.—1947) 

Ans. 49x102 dynes ; 245X10? gm. cm,/sec.; 60025x 10" ergs. 

7. Describe an Atwood's machine and explain how you 
would use it to determine the value of g in the laboratory. 

(Pat, U.—1955) 

8. Describe an experiment to show that acceleration of a 
body falling freely under gravity is uniform, (Utkal U.—1954) 

9. A stone is let fall from the top of a tower 180 ft. in height, 
and at the same time another is projected vertically upwards with 
a velocity of 60 ft. per sec. Find where and when the two 
will meet. 

Ans. 36 ft. above the ground ; 3 seconds later. 

10. A ball is thrown horizontally from the top of a tower 
with a velocity of 80 ft. per sec. Show thal the curve traced by 
the ballisa parabola. (Del. U.—1942) 

11. A body weighing 200 lbs. is tied to a rope and lowered 
with an acceleration of 5ft./sec.?. Find the tension in the rope. 
What would be the tepon ah S npo y n pagr, is pulled up 

i celeration of 10 ft./sec. g=32 ft.[sec. 
with an accelerati ( Pat. U.—1954 ) 

Ans. 2400 poundals, 1400 poundals. 

12. A man weighing 12 stones on earth is standing on a lift, 
Find his weight as recorded by a weighing machine (or spring 
balance) when (a) the lift moves upwards with a uniform velocity 
of 10 ft./[sec. ; (b) the lift moves downwards with a uniform 
acceleration of 4ft./sec®, and (c) the lift moves upwards with a 
uniform acceleration of 4 ft./sec.?. (U. P. B.—1942) 


Ans. 12st. ; 105 st. ; 1355 st. T1 
13. Two masses of 80 gm. and 100gm. are connected by a 
string passlag over a smooth pulley, Find the tension of the 
string when they are in motion, Find also the space descri 
in 4 seconds, g being 981 C. G. S. (Mad. U;—1951) 
Ans, 87200dynes; 872 cm 
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Reference 
Art, 50 


Arts, 
50 & 52 


Art. 52 


Arts. 
53 & 54 


Art, 56 


Art 56 


Art. 57 


Art. 57 


Art. 58 


Art. 59 


Art. 59 


Art. 59 
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Reference 
Art. 64 


Art. 64 


Art. 64 


Arts. 
71 & 72 


Art. 72 


Art. 72 


Art. 72 


Art. 72 


Art. 72 
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14. A common balance hasequal arms, each 20 cm, long. 
An unknown weight W, placed on the left pan, with 1 gm. rider 
mounted 5 cm, from the end of the left-side is counterpoised by 
15 gm, weight on the right pan. Calculate the value ot W. 
(C U.—1958) 
Ans. (Take moments of all the forces about the mid-point of 
the beam), W=14°25 gm. 
15. Explain why a balance, which is sensitive, cannot by very 
stable, (Cf. Bom. U.—1955 ; Cf. Guj. U.—1962 ; P. U.—1952) 


16. Obtain an expression for the sensitivity on a balance, 
State the requirements of a good balance, giving reasons, 
(Guj. U.—1952 ; Cf. Bom. U.—1964 ; Poo. U.—1953) 
17. Whatare the requirements of a good balance ? Explain 
them. (Guj. U.—1951, '54; Raj. U.—1952, Cf. 54; Pat. U—1952. 
54 ; Utkal U.—1954 ; U. P. B.—1952, 55 ; C. U.—1960 ; 
Dac. U,—1934 ; Del. H, S,—1950; P. U.— 1952.) 

.18, A balance has arms of equal length but pans of unequal 
weights. 4 body is found to weigh W, gm. in one pan and Wg gm 
inthe other. Show that the excess of the weight of one pan 
Over that of the other is (W,— W3)/2, 

(Raj. U.— 1954) 


; ,19. A dealer has correct weight; but one arm of his balance 
is pth part shorter than the other. It he sells two quantities, 
each apparently weighing 9°5 Ibs, at Rs. 40 per pound. weighing 
One in one scale and the other in the other what will be gain or 
loss ? (Nag. U.—1952) 
Ans. Re. 1 (loss). 

. 20 What is a Simple Pendulum? Prove that its motion is 
Simple harmonic. Derive an expression for its period and 
Justify its use as a time-keeper. (Poo, U.—1952) 


. 21. A pendulum of length 96cm. loses 20 seconds per day. 
Find by how much must it be shortened to keep correct time. 
(Vis. U.—1955) 
Ans, $mm. 


22. A seconds pendulum, which keeps correct time on the 
Surface ofthe earth, is taken to the surface ofthe mcon. Find 
the time period there, taking the mass of the earth to be 81 
times that of the moon and the radius of the earth to be 4 times 
that of the moon. 

Ans. 45 seconds. 


23. A pendulum, which beats seconds at a place, where 
273202, is taken to a place, where g=32. How many seconds 
does it gain or lose per day ? 

Ans, It loses 27 seconds per day ? 

24. Apendulum clock keeps correct time in London ; but it 
loses 4 minutes per day when taken to the equator, What is the 
factor that causes the loss ? In what ratio does this factor change 
in the present case ? 2 
f ns. For a compensated pendulum the effect is due to change 
in the acceleration due to gravity which is less at equator. 


25. A Seconds Pendulum has a hollow spherical bob 
attached s thread, Will the period alter, if the hollow bob is 
balf-fill mercury ? (C.U.—1960) 


An it will. 99°29 cm. 


CHAPTER V 


WORK AND ENERGY 


77. Work—The term work gives us an idea of something being 
done. Work is said to be done by a force on a material particle when 
that force is able to displace that particle through some distance. If 
the particle is absolutely free to move and a force acts upon it, the 
result is a motion of the particle according to Newton’s Second Law 
of motion. Then wesay that work is continuously done by the 
force on the particle producing its accelerated motion. The work 
then appears as a moving or kinetic energy (Art. 80). Very often 
material bodies are made to move under an external force against 
some opposing forces. In scuh cases also the external force does 
work on the body ; and some work is done by the body against the 
opposing force. Thusa man in raising a load does work on the 
load ; but the load does work against the force of gravity. A horse 
in drawing a carriage does work on the carriage ; but the carriage in 
moving against the frictional forces due to road, etc., does work 
against the frictional force (vide Ex. lpp. 113). 


Work done by a Force—The magnitude of the work done by a force 
is given by the product of the force and the distance through which the 
point of application of the force moves, provided that the direction of 
the force and that of the displacement coincide (Fig. 100). Thus ifa 
force P acting ona body displaces it through a distance s, the work 


done is given by W=Pxs (77,1) 
A s B pP s oP 
e—a --- 
—," 0770 E p Pcose F 

Fig. 100 Fig. 101 


If the direction of the force and that of the displacement are not 
the same, but make an angle @ with each other, the component of 
the force in the direction of displacement is effective in doing work. 
(Fig. 101) In this case the work done by the force is given by 

W =Pcosé xs i (77.2) 

It is evident from (77.1) that if there is no displacement, no work 
is done. If a material particle is made to move through a distance s 
rightagainst a constant opposing force P, the work done by the 
material particle is P Xs. Or, if it goes through the same distance 
making an angle 0 with the opposing force, the work done against 
the force is PXs cos0. Again, asa force has no component in a 
direction at right angles to its own line of action, no work is done by 
or against a force in a direction perpendicular to its line of action. 


Work done by a Couple—A couple has tendency to rotate a 
material body and when that body actually rotates under the couple, 
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work is done by the couple on the body. Here also from the same 
sense we measure the work done. Let the material body under the 
action of couple PP having as the arm A,B, move through an angle 
0 (Fig..102), The points of application of the forces move through 
an equal arc A, A» or B,B, and these 
forces at every point of the arc are 

` tangential. Hence, the work done 
by the two equal forces is 2P Xarc 
A,A, (or arc B,B,,—2PXOA, 
x6 


«A W=PXA,B,x6=moment of 
the couple x angular rotation. Fig. 102 


78. Units of Work—The unit of work is the work done when a 
unit force acts through a unit distance in its own direction. 
Evidently, the unit of work depends on the units of force and 
distance. The absolute unit of work is the work done by the obsolute 
unit of force acting through unit distance in its own direction. 


In the F. P. S. system, the absolute unit of work is the work done 
by a force of 1 poundal in moving its point of application through a 
distance of 1 foot along the line of action of the force. This unit is 
termed a foot-poundal. In the C. G. S. system, the absolute unit of 
work is the work done by a force of 1 dyne in moving its point of 
application through a distance of 1 cm. in its own direction. This 
unit is termed an erg. As this unit is extremely small, the unit chosen 
for practical purposes is the joule, 1 joule being 107 ergs. 


Gravitational Unit of Work—In practice, work is often expressed 
in the gravitational unit. The gravitational unit of work is the work 
one in raising a unit mass vertically upwards against the force of 
gravity through a unit distance. In the F. P. S. system, the gravita- 
tional unit of work is the work done in raising a mass of 1 pound 
through a vertical distance of 1 foot. The unit is termed 1 foot-pound 
(ft-lb), In the C. G. S. system, this unit is termed 1 gramme-centi- 
metre and isequal to the work done in raising a mass of 1 gram 
through à vertical distance of 1 centimetre. Asa gramme: centimetre 
18 very small, the unit chosen by the the engineers is the kilogramme- 
metre which is the work done in a mass of 1 kgm. through a vertical 
distance of 1 metre, 1 kgm. metre=105 gm.cm. 


Relation between the two Units of Work—It h lined 
the | t —It has been explained 
pol ue AE gravitational unit of force is g times the absolute unit 


USB. ES, SUR O debian 

Nu d IRA Nol dynes and 1 footzs30 dimi. De get 
Also 1 LP EX (Ces eee i LR ergs 

. Hence 1 ie gamed us LINGE 

'À 
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Work is of the dimension of the product of a force and corres- 
ponding displacement. Now the dimension of force is MLT-? and 
that of displacement is L. Hence, the work is of dimension ML?T-?. 


79. Power—The power (or activity) of an agent is the rate of 
doing work and is measured by the quantity of work done by the 
agent in unit time. The absolute unit of power in the F. P. S. 
system is the rate of doing 1 foot-poundal of work per second, and 
in the C. G. S. system it is the rate of doing 1 erg of work per second. 
The practical unit of power, as used by the engineers, is termed a 
horse-power. 


The term was first used by James Watt (1736-1819), the inventor 
of steam-engine. In order to establish a relation between the working 
capacity of a horse and of his newly invented engine, he performed 
an experiment in which, on an average a weight of 150 lbs. of coal 
was raised by a horse from a coal pit through a height of 220 ft. in 
1 minute. The work done by the horse in 1 minute was thus equal 
to (150 220) or 33,000 ft.-Ibs. This was, therefore, considered to 
be the average rate of working of a horse. Although the estimate is 
found to be too high, the term has still been retained. 


Hence a horse power (H. P.) is the power of an agent doing 
33,000 ft.-Ibs. of work per minute or 550 ft.-Ibs. per second. 

Their is another unit of power called the watt so named after 
James Watt. This is defined as 1 Joule per sec.=10" ergs per 
second, 

Now 1 H. P.—550 ft. -lbs per second. 

=(550 x 1:357 X 10") ergs per second 
—746:3 Joules per second —746 watts (app.) 
we 1 kilowatt=1000 watts=(1000+746) H.P.—1:34 H.P. 
=(1:34 x 550) —737 ft.-lbs. per second 
4 1 kilowatt hour—(1:34x 550 x 60 x 60) =2653,200 ft.-Ibs. of 


work or energy. : 
The power being work per unit time, its dimension is clearly 
ML?T-2-T-ML?T-*. 


Examples : 

1. A constant force of 384 poundals acts vertically upwards on a mass of 
10 ibs. at rest on the earth's surface. Calculate the amount of work done by 
the force as well as the work done by the body against gravity while it is 
passing through an altitude of 100 ft. given g=32 ít/sec?. Find also the 
velocity of the body at tnat altitude, 

Ans, The work done by the force =force x distance=(384 100) ft. poundals 
= 38400 ft.-poundals. 

Also the work done.by the body against gravity=weight x distance 

= (10x 32 x 100) ft.-poundals —32,000 ft.-poundals. 

So the work done by the impressed force is here greater than the work don 
against the opposing gravitational force by 6400 ft-poundals, This excese 
work shows itself in form of motion ofthe body at that altitude. The resultang 
force in the body is (384—320)=64 poundals. Hence, the acceleration upwards 
=64+10=6'4 ft./sec.2. If the required velocity be v ft./sec. we have 
y2=2%6'4x100, whence the required velocity is 35°75 ft./see. 


Pt. I/G—8 
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A ighing 140 lbs. takes his seat on a lift which weighs 2 tons. 
Hels niece! floor, whichis at a height of 75 ft. from the ground 
floor in 2 minutes. Calculate the work done and the power required in the 
process, 

Ans. The total weight of the man and the lift=(140+2x 2240) lbs.< 
4620. Ibs, 
) isi ss through 75 ft.=(4620 x 75) ft. Ibs. 
Aom the work done in raising the ma: ug Bete soo hake 
As this work is done in 2 minutes, the power required for is 


346500 p, _ = 346500 <5°25 H.P, 
f 3x60 ft.-Ibs. per sec, "2x60x559 HP 5°25 H. P, 


3. An engine of mass 5tons drags a train of mass 23 tons up a slope of 
inclination 1 in 28 at 15 miles per hour, If the frictional resistance be 
equivalent to a force of 0'4ton weight parallel to the rails, find the horse- 


power of the engine. 


in (15X1760x3 AN $ 
Ans. The speed of the train= r] ft./sec, =22 ft./sec. 
Total mass of the engine and train=28 tons=(28 x 2240) lbs. =62720 Ibs. 
+, the effective force against motion along the slope 
=(62720X vg +0°4 x 2240) Ibs.-wt. (2240+ 896) Ibs.-wt. =3136 Ibs.-wt. 
+. the work done by the engine per second —3136x 22 ft.-lbs. 


Hence, power of the engine =21°6%22 H. p.e 196 H.P.—12544 H.P. 


: 4. Show that ifa gas expands against à constant external pressure, the 
AeA by the gas is equal to the Product of the pressure and the increase 


Ans. Suppose that the gas of volume y is 


PELA piston of cross-sectional area. A. Let 


contained in a cylinder with an 
P bethe pressure exerted on the 


the external work done by the ing eroa the D'ston- Ap. Hence, 
The result holds goods irrespective Of osia LM EAD Com 


80. Energy—The energy of a bod 
ion Qu ads i a by the total 
9y Can do. We shall consider here only th j . 
It is of two kinds, viz., Kinetic and Potential, E e ee» 
£y (K.E.) of a body (or a system 
Y it possesses by virtue of its zs d" is 


ational kinetic energy. The 
meas ey aeons a fly-wheel Ih revolution. In this case 


a8 the raising of 
Well. The energy ac ii gofa ucket of water from a 
the rotational kinetic enere? * revolving material body is called 


E 
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Sometimes there may be a combination of translational and rota- 
tional kinetic energies. A ball rolling on a surface possesses the 
linear as well as the rotational kinetic energy. Illustrations of this 
combinational kinetic energy are the motions of a billiard ball, a 
football, a rifle bullet or the earth. 

Potential Energy—The potential energy (P. E.) of a body (or a 
system of bodies) is the energy it possesses by virtue of its position. 
or configuration. It is measured by the amount of work the body 
can do in coming from its present position (or configuration) to 
some standard position (usually called its zero position) or 
configuration. In nature we find mechanical potential energies of 
various types. In the gravitational P. E. the surface of the earth is 
usually taken to be the standard position, so that when, a body is 
on thesurface of the earth, its potential energy is zero. But if 
raised above the ground, the body owing to its elevated position 
possesses potential energy. 

In the case of a pile driver à large piece of iron, called the ram, 
is connected to a rope passing over a pulley. The mass, raiséd up to: 
a certain height by a number of men pulling at the other end of the: 
rope, possesses potential energy against the gravitational force. When 
released, the mass falls down upon the pile and drives it to some 
depth into the ground. The stretched spring, a cross-bow when 
fully stretched, the compressed spring in an air-gun, the spring of a 
clock or watch when wound, all possess different types of potential 
energy by virtue of their altered configuration. 

81. Measurement of Energy— The energy of a body is always 
measured by the maximum amount of work that can be done by a 
body. 

Translational Kinetic Energy—Let a body of mass m be moving 
with a velocity u at any instant. We are to find the amount of work 
it can do before coming to rest. Let a constant force P resist the 
motion ofthe body and thereby produce a retardation f, so that 
P=mf. Let the body thus retarded traverse a distance s before it 
comes to rest. 

Then (Art. 20), u? —2fs=0, whence u®=2fs. (1) 

Now the K. E. of the body =work done against the force before 
coming to rest—force x digtance=P.s=mfs. 

40 by (1), the K. E=mfs=gmu? ; . (81,1) 
Thus the kinetic energy of a moving body at any instant is given 
by half the product of its mass and the square of its velocity at that 
instant. The K.E. is measured in the same unit as work. 

If a force P acting upon a mass m increases its velocity from u to 
», while moving through a distance $ along straight path, we have 

poem M o 
y&—u*—2fs, or, s PE 


[y yi 
*. work done by the force P.s— mf. 2f 


=imyi—jmu?. 


f 
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<. work done=final K, E.—initial K, E. 

=increase of K. E. of the body. 

Thus the work done by a force on a freely moving body is equal to 
the increase of kinetic energy of the body provided the question of 
potential energy does not arise. 

Gravitational Potential Energy—We know that a body of mass m 
is attracted by the earth vertically downwards with a force mg which 
isthe weight of the body, g representing the acceleration due to 
gravity. Hence, if the body be raised through a vertical distance A, 
the work done against the force of gravity is mgh. The energy spent 
for this purpose is stored up in the body and constitutes the potential 
energy gained by the body by virtue of its position. Again ifa 
body of mass m falls through a vertical height A, the work done 
by the force of gravity is mgh, which is the Joss of potential energy 
of the body. 

Hence P. E.=mgh. ayer (81,2) 

^ in F. P. S. system P. E.=mgh ft.-poundals mh ft. Ibs. 

Also in the C. G, S. system, P. E. =mgh ergs -mh gm.-cm. 


Rotational Energy—Let a body rotate uniformly with an angular 
velocity o about an axis passing through a fixed point O perpendi- 
cular to the plane of the paper (Fig. 65). We may consider the body 
of mass M to be composed of a large number n of elementary 
particles of masses Mi, ms, ms,...m,, 80 that the summation of all 
these tiny masses gives the entire mass of the body. Let the distances 
of mı, mg, ms..., m, from the axis of rotation be respectively 74, 72, 
Fasen Now from Art. 23 we know that the tangential velocity 
is given by the product of the angular velocity and the radial 
distance. Let», Y, Va, ..., v, be the tangential velocities of the 
particles, Then v, =7; w, v; —I30, Vg —30, ..., Vp =n, 

Now,atany instantaneous position of the rotating body, we 
Bay imagine that these particles have instantaneous med ioatea 
mr i etc., and so they have at that instant a total kinetic energy 

ich is equal to the sum of individual kinetic energies. Hence: 

Total K. E.—jm,v,* amgvs?--3m,v,? 4- ... 3m, y, sj 

TDI otti Mar, o -3m,r 203-L... Lim, r dot 
zimyn *msrs*-Emsr, t+... Tmans*)o? 
=F 


Here ‘I’ is called ; r i 
of rotation (Art. 43). Non d, HTa oF the body about the axis 


moment of inertia of th ja given by half the product of the 
Square of the angular he about the axis of rotation and the 


the square of the angular velocity, © ° Of “tation as well as om 


UM 
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There are instances of P. E. acquired by a rotational body. For 
example, the tiny fly-wheel of a watch controlled by the hair-spring 
moves a little while in one direction coiling the hair-spring more. 
The spring, on being coiled more, produces an opposite couple on 
the wheel to stop its motion and at this stage the wheel possesses à 
rotational P. E. Itcan be proved* thatif c be the torque on the 
wheel for a rotation of one radian and if @ be the actual rotation 
of the wheel, the P. E. acquired by the wheel is $c02. 

Examples : 

1. An engine is used to punp 22,000 gallons of water per hour through a 
vertical height of 100 ft. Find the H. P. required. (1 gallon of water -10 lbs.) 
Ans. Since 1 gallon of water weighs 10 lbs., the weight of 22,000 gallons is 


22x 104 Ibs. 
/. in one hour the work done =(22% 10* x 100) ft.-Ibs=22x 10° ft./Ibs. 


i 22K 108 & 
d work done per second— 0x60 n Ibs. 


Since 550 ft-lbs. per sec.—1 H. P. ; the required H. P. 


22x108 
pa Miosan will: 
60x 60X550 H 

2. Findthe energy stored in a train weighing 250 tons and travelling at à 
rate of 60 miles per hour. How much energy must be added to the train to 
increáse its speed to 65 miles per hour ? C. U.—1925) 

Ans. The mass of the train--(250x 20x 4x 28) Ibs.=560000 Ibs. 

Also the speed of the train=60 miles per hour= OX 1760x3 =88 ft./see. 


.. the K, E. of the train=(} x 560000 x 88°) ft.-poundals 
—216832x 104 ft,-poundals. 


à ; 65x 1760x3g | ec —- 286 
The increased speed =65 miles per hour Fey ft./sec. 3 ft./see. 


^. K. Bat the time=}x 560000 (29) ft „poundals. 
—2544764x10* ft./pcundals. 


the additional energy =(254476'4—216832) x 10* ft.-poundals. 
- 2816444x10* ft./poundals. 
3. Anengine increases the speed of a train of mass 200 tons from 30 miles 
per hour to 60 miles per hour, while it moves through a disttance of 3 miles. 
If the resisting force be 15 Ibs.-wt. per ton. find the work done by the engine 
and the power at which it is workiog. (given g—320 F.P.S). 
Ans. The total resisting force= (15 x 200) Ibs.-wt, =3000 Ibs.-wt. 
This force acts over 3 miles, =(3X1760x 3) ft.=15840 ft. 
.. work done against the force— (3000 x 15840) ft.-Ibs. =47,520,000 ft.-Ibs. 
Now the mass of the train=200 tons=448,000 Ibs. i 
Since ‘30 miles per hour=44 ft. per sec., it follows that the increase of 
energy =} x 448,000 x (882—442) ft.-poundals- 40,656,000 ft. Ibs. 


* Let £ be the rotation of the wheelatanyinstant Then the restoring 
torque on the wheelin that position is cxf. If now the wheel be made to 
rotate through an infinitely small angle d£, the work done by the wheel is 
torquexangular rotation=cL, dL. Then the total work done on the wheel 
when it is made to rotate through an angle 0 is obtained by integrating the 
expression between the limits 0 and @. 

8 


i 0 
That is the P. E.— f ch. dt," [iese] peo 
DNI. D 
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i « s 3) ft-lbs. 
- Hence, the total work done by the engine (47520 x 10 Dx 3 10" fl 
= i hour, so t' 
the average speed of the train 1(30--60) - 45 miles per 
nene pi 3 niles is (3+45) hour =240 seconds. 


? ; 88176 x 103 a P. 
Hence, the required power of the enginc= 240X550" H, P.=668 H E 
i wheel, 28 inches in diameter, has a mass of 2 lbs. and the © 
sie tro is 13 itches. The bicycle is travelling at 12 miles per hour, ^ 
Find the total kinetic energy. (g=32'3 ft./sec.?), R i 
Ans. In moving linearly the wheel has a translational K, E. given by imys; 3 
Now a linear velocity of 12 miles per hour is equivalent to 


12x1760x3 88 =17°6 ft [sec. 
TUeOxQU lee s ft/sec, 17'6 ft /se 


£x 


ser ett he linear K. E.=(¢X2x17'6%) ft.-poundals, =309°76 ft.-poundals, 


Also, the angular velocity o = DX. 15°85 rad /s:c. 

5 "6x12\2 

c therotational K E, jh -IMK*4 - px 2x (13)? ECS) 

ie ft.-poundals=293'92 ft.-poundals. 

Thus the total K, E, —(309*76--293:92) ft.-poundals= 603:68 ft.-poundals, 

82. Different forms of Energy—The energy Possessed by a body 
manifests itself in a variety of forms. The different forms in which 
energy may appear are: . 

(1) Mechanical energy, (2) Heat, (3) Light, (4) Sound, (5) Elec- 
trical and Magnetic energies, (6) Chemical energy. 

Transformation of Energy—The two kinds of 


when it falls, the P. E, is gradually changed into K. E, When the 
ody is just on the point of striking’ 
kinetic and when it finally strikes the ground, t 
into sound, heat and mechanical energies. 
When we wind a clock, the energy, 
potentialenergy, Asth 
the P. E. is continuous! 


r is stored upin the spring as 
e spring unwinds and keeps the clock going, 

3 t y transformed into K, E. The P. E. of the 
Compressed spring in an air gun is transformed Into K. E. when the 
Shot is released, 


$ A moving pendulum furnishes another example. When the bob 
— . in its course of oscillation is a 


t the uppermost position, its energy is 
wholly potential, As the bob com d : 
decreases and. K, E, jg gradually ned: When. thee Ap 


.Ina qa dro-electrie Plant, the wate 


1 T atthe higher 8 
* Vater in moving Koi Sher level possesses 


cts against the turbine pits and 


» 
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rotates the wheel when the P. E. is transformed into K. E. The 
motion of the turbine is utilised by suitable arrangement to revolve 
the armature in a dynamo. The mechanical work thus done is con- 
verted into electrical energy. This electrical energy may be converted 
into heat in an electric oven, heat and light in an electric lamp, 
mechanical energy in driving a tram car ora fan and into magnetic 
energy in an electromagnet. The Tilaiya dam across the river Barakar 
near Hazaribag has provided an opportunity of erecting a hydro- 
electric power station having an installed capacity of 4000 kilowatts 
of power for the present, with a provision for future expansion of an 
additional 2000 kilowatts. The steam turbine station at Bokaro 
situated at the Damodar Valley zone is already producing 150,000 
kilowatts of power. The Bandel Power Station in West Bengal and 
various other Power Stations including Atomic Power Stations in 
Tarapur in Rajashan are generating millions of kilowatts of Electric 
energy for peaceful social purposes. 

When coal burns,the carbon of thecoal combines with the oxygen 
of the air and the chemical energy is converted into heat and light 
energies. The heat of the sun evaporates vast quantities of water 
from the seas and the oceans. The heat gives sufficient energy to the 
molecules of water so as to enable them to evaporate. The vapour so 
formed condeneses into clouds which melt down into rain ; rain in its 
turns fills jhe running streams that flow down to the seas again. The 
energy of the running stream may, therefore, be ultimately traced to 
the heat energy of the sun. It is to be noted that the earth is 
receiving energy from the sun at the rate of about 232X 101? H. P. 

In the steam-engine, the chemicalenergy of combustion i8 changed 


into heat energy ; the heat energy 1$ utilised in producing steam atnd 
is thus converted into mechanical energy in the motion of the pisjon 
and of the wheels. When the engine drives a dynamo, the mechan cal 
energy is changed into electrical energy. 2 : ee 
When two insulated conductors with opposite kinds of electricity 
are placed at a distance from each other, the system consisting of the 
two charged bodies and the space between them possesses some 
amount of electrical energy. If the two bodies are brought near each 
other, a spark passes between them, and then the electrical energy 1s 
converted into heat, light and sound energies. Wet 
Again when a body changes from a solid state to liquid or 
vaporous state even at the same temperature, some amount of heat is 
absorbed. This heat energy is transformed into molecular potential 
energy and is utilised in bringing about the change of state. On the 
other hand, when water freezes, heat energy is given out. | Thus when 
the water in a lake freezes,sufficient heat isgiven out. This heat keeps 
temperature of the vicinity greater than that of inland localities. All 
these cases show transformation of energy from one kind into . 
another. ; 
83. Illustrations of Transformation of Energy—The following are 
further examples of transformation of energy : j 
(1) Mechanical—(a) Kinetic energy. into Potential energy—the 
motion of a pendulum bob from its position of rest to the extremity 
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of the swing. (b) Potential energy into Kinetic energy—a body 
falling from a height : the bob of a pendulum moving down from the 
highest position on either side to its mean Position. (c) Kinetic 
energy into Heat energy—the wheels of a moving engine stopped by 
putting brakes ; a piece of stone being struck against another and 
giving out sparks. (d) Kinetic energy into Sound energy—sound by 
vibration of bodies. (e) Kinetic energy into Electrical energy—action 
of a dynamo, 


(2) Heat—(a) Heat energy into Mechanical—action of heat 
engines. (b) Heat energy into Light energy—a white-hot body, e.g. 
—singing flame. (d) Heat energy into Electrical energy—thermo- 
electric phenomena. (e) Heat energy into Chemical energy—forma- 


(3) Light—(a) Light energy into Electrical energy—the working 
of a photo-voltaic cell in a photophone. (b) Light energy into 
Chemical enerey—the action of light on photographic plates; com- 


electric motors and tram cars, 


: furnace, electric iron, etc. (c) Electrical 

Sout into Light energy—electrical lamps. (d) Electrical energy into 
produced tem bells, telephones, microphones (sound is 
coils). (e) FI targo takes place in electric machines or induction 
à Cctrical energy into Magnetic energy — magnetic field 

into Chemical energy—e]ectro] electromagnet, (f) Electrical cnergy 


ical energy into Heat energy—chemical 
cal rections, ORT je usa dd 
€nergy— phosphorus Combines with oxygen Ena ‘dull Tm 
(c) Chemical energy Into Mechanical ener Produces bright light 
Bua (55 cat changed into the kinetic energy of the fing 


() Chemical ri nergy into Electrica] energy— Voltaic cells. 
Bon-fowder and died oe. Mechanical energies—explosion of 


|. 84. Conservation 0! 2 
" f Ener: y—It i n 
tra erg is thus found tha n all cases of 
an uf mation, energy disappears in ce) tan i 1 E 


p ne form but i 

à reappears ín 
t in no case is the energy destroyed in ay ay ; nor 
Pear of itself without loss of some other. 
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does any form of energy ap 
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It has been found also that the energy lost in any form by one 
system is equal to the gain of the same amount by some other 
system, so that the total energy of combined system remains 
constant. This is known as the Principle of Conservation of Energy 
first expounded by Michael Faraday and then by Mayer in the 
middle of Nineteenth Century. There is no general proof of the 
principle ; but it has been verified in various cases. So it is taken 
to be true. This very important principle forms the foundation of 
the whole,Physical Science. It may be stated thus. 

The total amount of energy possessed by a material 
system can neither be created nor destroyed by any 
x action between the parts of the system, though it may 
be transformed from one form into another. 

The principle may be illustrated by the following 
simple example of gravitational energy. Suppose a 
body of mass m is raised to a vertical height h at A 
from earth’s surface S (Fig. 103). The gravitational 
energy possessed by the body is wholly potential and 
is equal to mgh. : 

Drop the body freely from A through a distance 

av" x and let the velocity just at the end of this fall be v. 
Fig. 103 Then y?—2gx. Thus the mechanical K. E. of the 
body at that instant at B is—imv? =mgx. Also the gravitational P.E. ` 
of the body at the instant at B is=mg(h—x) ; 

<. the total energy of the body at the time-mgx--mg(li—x) 
=meh, which is the energy it had initally at A. 

Thus we find that as the body drops down more and more, the 
P. E. decreases and the K. E. increases. But the sum of the potential 
and kinetic energies at any instant remains constant. When the 
body strikes the ground and is at rest, both its kinetic and potential 
energies disappear. But, even then the principle is not violated, for 
the energy reappears as heat, sound and mechanical energies. 

The oscillations of the bob of a simple pendulum present another 


taken by the pendulum is mg (1—1 cos 8)2mgl (1—cos 0). 

When the pendulum is released from B, it moves down the arc 
BA. This means that it virtually falls down under gravitational force 
through a distance 1—lcos8. Ultimately when it reaches A, this 
additional potential energy is converted into kinetic energy of the 
bob. Ifv be the linear velocity of the bob, as it moves past A, we 
derive from the principle of conservation of energy that 

imv?-mgl(1—cos 8), whence v= V 2gl(1 —cos 0) 

At any intermediate position where the string makes an angle ¢ 

with vertical, the bob still possesses some excess P. E. It possesses 
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some K. E. as well. Ifv, be the velocity of the bob at this position, 
the K. E. here is $ my,*. Further the P. E. at this position 1s 
mgl(1—cos $), 

Therefore the total excess energy at F—3my,* +mgl(1—cos $). 
From the principle of conservation of energy this quantity=addi- 
tional potential energy mgl(1—cos 6)=the maximum K., E.=imy3, 


The above principle denies the possibility of the existence of a 
perpetual motion machine, that is,a machine from which work can 
be continually obtained without the expenditure of an equivalent 
amount of energy. Even if the machine be perfectly free from 
friction, the amount of work taken out of the machine would be 
equal to the amount put in, but it would never be greater. There 
are, however, always some frictional losses, So, even if the machine 
does no useful work, the energy initially supplied will gradually be 
used up to overcome frictional resistances and the machine will 
ultimately come to a stop. 


Example : 


The bob ofa pendulum ‘has its centre 1 metre below the support. It is 
pulled asice till the string makes an angle of 30° with the vertical, [fit is now 
released, cclculate its speed when it moves past the rest position. 


n RE as the ground, where j 
eady mentioned. The ¢ i i 
Sound and mechanical Easier. EET b y ofthese 


into Practical work an 
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process hitherto known to us. Similarly, the heat radiated by a 
source in space cannot be received back and may therefore be taken 
to be lost. The total amount of energy in the universe being 
supposed constant, the quantity avilable for effective work is 
apparently diminishing. 


Reference 


Arts. 
71, 79, 80 


Art. 79 


Art. 79 


Art. 81 


Art. 81 


Art. 81 


Art. 81 
Art. 8I 


Art. 80 


EXEROISES ON CHAPTER V 


1. Define work, energy and power. Give some examples of 
transformation of energy. (Dac. U.—1958 ; C.U —1956, '62, 
Gau. U.—1952 ; B. U.— 1953, ’55; Del. U.—1951; 

P. U.—1951, '52 ; Pat. U.—1947, 54, '56, 58 ; 

Nag. U.—1952 ; Cf. Guj. U.—1951, '&2, '63). 

2. A company sells electrical energy for lighting purposes 
at4id.perunit. Whatis the weekly bill for a factory in which 
ten 5 horse-power motorsrun for forty hours per week and fifty 
100 watt lamps are alight for forty-four hours rer weck? 
(1 H. P.—2 kilowatt,) 

Ans. £13. 10s. 

3. An engire, by applying a steady pull to a railway train at 
rest, is able to impart to it a velocity of 30 miles per hcur in 10 
minutes. Ifthe mass of the train including the engine is 500 tcns 
and the resistance to motion is 20 Ibs. per ton, fird the horse- 
power of the engine. i 

Ans. 58267 H.P. y j 

4. Aman weighing 130 Ibs. lifts a weight of 80 Ibs. to the 
top of a building 33 ft. high in one minute. Find the work dono 
by him and horse-power. (Del. H. S.—1951) 

Ans. 6300 ft. lbs ; 19 H. P. 

5. Water is pumped froma wellthrough a height of 30 ft. 
by means of a 5 H. P. motor. Ifthe efficiency of the pump be 
85%, find in gallons the quantity o£ water pumped up per minute 
(1 gallon of water weighs 10 lbs.) (C. U.—19:4) 

Ans. 4615 gals. 


6. What is the work done whena weight of 500 kilograms 
falls through a height of 50 metres and is then suddenly stopped. 
Assume the normal value of gravity. (Dac. U. —1953) 

Ans. 24525x10? ergs. 

7. A bullet of mass 25 gms. travelling with a velccity of 
500 metres per second strikes a target which it peretrates, the 
velocity on emergence being 100 metres per second. What 
energy was expended in passing through the object ? 

Ans. 3000 joules.* i 

8. A man climbs vies d 500 ft. Oed 10 mmy If 

i lbs., find the rate at which he works. 
the man weighs 165 lbs., fin E U.—1952) 

Ans. 137°5 ft, Ibs./sec. 

9. An elevator is designed to lift a load of 1,000 Ibs. through 
5 floors of a building averaging 11 ft. per floor in 5 seconds. 
Calculate the power of the elevator. (Anna. U.—1951) 

Ans. 20H. P. 

10. A solid mass of 100 grams is allowed to drop from a 
height of 10 metres. Calculate the amount. of kinetic energy 
gained by the body, g being 980 cms. per sec. (Dac. U.—1940) 

Ans. 9°8X10" ergs. 
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11. Find the expression for the kinetic uero in of 
i ith a velocity v. .U.— ‘ 
E "Mys U.- 1951 ; Pat. U.—1952, '58) 


12. The hydro-electric station at Konar dam project is to 
generate a power of 40,000 kilowatts, and the reserves of coal in 
the Damodar valley coal fields are estimated to be 25,950 million 
tons. Supposing that the coal is deposited at a mean depth of 300 
ft. below the surface level and the power of the station is 
incessantly utilised in raising coal, calculate the time required to 
empty all the deposits of coal of that area, (g =32 F.P.S.) 

Ans. 54495 x 104 hours, 


Ans. Üand 1024 cm./sec? ; 31:3 €m./sec. and 0. 


14. State the law of conservation of energy and prove it 
in the case ofa body falling freely under gravity, 

* (C. U.—1959 ; Pat, U.—1932 ; Mys, U.—1952 ; 

` Anna, U.—1951; Cf. P. U.—1951) 

15. Trace the transformations of energy which occur when 

a pendulum bob is displaced from its position of rest and is let 

free to oscillate till it comes to rest again, (C. U.—1953) 


16. A body falls under gravity and strikes the ground, 
Explain how the phenomenon supplies an illustration ofthe 
transformation of energy, Does it also illustrate the principle of 
Conservation of energy ? (Cf. C. U.-1957; P. U.—1947 ; 


Pat. U.—195 2) 
.lT. State and explain the principle of conservation of energy 
with suitable illustration, (Pat. U.—1952 ; 

Dac. U.—1943 ; Cf. B. U. 1955, 557; C. U —1958) 


18. Bring out the similarity between the moment of inertia 


and the mass of a body having translatory motion Derive 
expressions tor the Kinetic Ener, and th € 
rotating boy, 8y and the angular momentum of 


(Guj. U.—1962) 
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Reference 
Art. 81 


Art. 81 


Art. 81 


Art. 81 


Arts. 
82 & 84 


Art. 84 


Art, 84 


Art, 81 


CHAPTER VI 


SIMPLE MACHINES 


86. Machine—A machine is a contrivance by which ‘work done 
upon it’ is converted into ‘work done by it? in a desired manner. To 
do work on the machine some amount of force is to be applied 
which is called the effort or power, and the resisting force overcome 
by the machine is called the resistance or load. The effort is usually 
denoted by P and the resistance by W. 

The purposes served by a machine may be roughly grouped into 
three parts : 

(i) to apply the force at a more convenient point or in a more 
convenient manner (e.g., a poker) ; À 

(ii) to overcome greater resistance and to raise heavier load; 
for example a crow-bar ; 

(iii) to convert a slow motion at one point in into a more rapid 
motion at some other point : (eg. a bicycle, a sewing machine). 

Principle of Work —The principle of conservation of energy 
propounds that the work that may be derived from a machine can 
never be more than that done upon it. It is possible for a small 
force exerted through a machine to lift a heavy weight ; but if there 
is no loss of energy in the from of friction within the machine, the 
work done by the effort on the machine is always equal to the work 
done by the machine against external resistance. In simple language 
the ‘input’ energy is equal to the ‘output’ energy. This is known as 
the principle of Work. 


87. Efficieney of a Machine—A part of the energy supplied to 
a machine is used in overcoming internal resistance in the form of 
friction and this part is always dissipated in the form of heat energy. 
So the useful work done by a machine is always less than the emergy 
supplied. 

The ratio, which indicates what fraction of the total energy 
supplied to a machine is utilised by. it in doing useful work, is termed 
the efficiency or modulus of the machine. Hence, 


K _ energy utilised or work usefully performed — . 
Efficiency (E)= total energy supplied UA 

The efficiency of any machine is therefore, always less than unity. 
On being multiplied by 100, it is often expressed as a percentage. 
For example, suppose a machine takes in 400 ft. pounds of work in 
a certain interval and delivers 320 ft. pounds of work during the 
same interval. Then the efficiency of the machine is 320--400—:8 
In terms of percentage, it is 80%. 

A perfect machine is that which would utilise the entire energy 
supplied and so the efficiency of perfect machine is unity. Thus, if 
F denotes the effort applied and W the resistance overcome and the 
distance through which the effort and the resistance move be d, and 
d, respectively, ew 1 a perfect machine— 

x 


197 WX ds. 
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If P is much smaller than W, da is much smaller than d, ; so 
What is gained in Power is lost in speed, 
Velocity Ratio—The ratio of the distance d,, through which the 
effort works to the distance ds, through whiclr the resistance is Over- 
e. 


In other words, the velocity ratio is given by 


r= distance through which applied force moves i- d, (87,2) 
distance through which resistance is overcom e DUE UT 


s d — resistance overcome Su. 
Mechanical a vantage - effort applied =P -- (87,3) 


Machines are usually so constructed that the mechanical adyan- 
tage is greater than unity, 


Again it is obvious from the above, Efficiency (E) - Wd; W/P 


i Pd, 7 did, 
Clearly therefore, efficiency (Z)="Mechanical advantage - (87,4) 


velocity ratio 


In a Perfect machine however, E=I, so that forsuch a machine 
the mechanical advantage— the velocity ratio, 


88. Lever —It is Simply a rigid bar, Straight or bent, capable of 


P R 
B B 

DA un E 
Ww w W 


i Fig. 105 Fig. 106 - 
d point of Support, which ig called the fulcrum. 
n t any two points either on 
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Ince levers are used to i i - 
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of the effort and resistance, Thus, in Fig. 104, P represents the effort 
acting at A, W is the load acting at B and F is the fulcrum which is 
placed between A and B. The effort P, applied to overcome the 
load W, tends to rotate the lever about F in the counter-clockwise 
direction, while W tends to rotate in a clockwise direction. Hence 
for equilibrium.— : 

The moment of P about F—the moment of W about F, 


i.e, PXAF-WxBFE . (88,1) 
^i —W AF a 
Mechanical advantage E Ep 


where a and b are lengths of power arm 
and the load arm. 

The reaction Rat Fis always equal 
aad opposite to the resultant of P and W: 
AsP and W are parallel and both act 
downwards, the resultant reaction at F is 
given by R=P+-W, which acts upwards. 
Hence, with this lever, the mechanical 
advantage may be greater than, equal to, 

Fig. 107 or less than unity, according as the power 
arm a is greater than, equal to or less than the load arm b. 


Examples of Single lever of. Class I—A crow-bar used to raise a 
weight (Fig. 107) a poker used to raise coal in 
a grate; a claw hammer (Fig. 108) ; a spade in 
digging the earth; the handle of a common 
pump; the beam of a common balance; a 
boat’s rudder, a see-saw. To use a poker, 


Fig. 108 Fig, 109 
for example, the hand gripping at the middle F of the handle acts 
as the fult (Fig. 107). The other hand pressing down at one 
end with a force P acts as the power and raises the load W at the 
other end. ; f 
Double levers of this class—a pair of pincers or scissors (Fig. 109). 


i i d. The 
Class Il (Fig. 105)—Here the fulcrum F lies at one en i 
effort P and E oa at A and B respectively on the same side 
ofF but in opposite directions, the fosmer acting at a greater 
distance from the fulcrum than from the latter. 
W. AR 
Now the mechanical advantag "SH 


Since AF is greater than BF, the mechanical advantage is greater 
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than unity. As P and W act in opposite directions and W is greater 
than P the resultant reaction at Facts upwards and is equal to W-—P. 

Example of Single Lever of Class II—A wheel barrow with the 
fulcrum at the axle and the power applied at the handle ; a punching 
machine; an oar (when used in 
rowing ; the end of the oar in this 
case acts a8 the fulcrum, which is 
supposed to be fixed); a crow-bar 
with one end in contact with the 
ground : a cork squeezer. 


A push cart for carrying luggage 
or road sweepings is an example. 
Here the man pushing the cart 
: Fig. 110 applies the effort P at the ends of 
the handles and the weight W of the load acts at some intermediate 
point (Fig. 110). 

Double lever of this class—a pair of nut-crackers. 

Class III (Fig. 107)—Here the fulcrum F is at one end ; effort 
P and the resistance W, are at A and B. respectively on the same side 
of F but in opposite directions, the former acting nearer to the 
fulcrum than the latter, As before. 


Mechanical Advant =W_AF 
Be > = Bp- 


Since AF is less than BF, the mechanical advantage is always less 
than unity. Hence to Overcome a small resistance a large effort is 


or a sewing machine ; the pedals of a 
(when used to raise or support a | 
Joint acting as the fulcrum and 
as the effort). 

Double lever of this class—a pair of coal to 


in a weipht-boy MUT Ns ngs ; a pair of forceps 


the lower jaws of the mouth. 

ypewriter the motion is 
ough a system of three in- 
ud of the key-board and 


Lever system of a Typewriter—In a t 
conveyed from the key-board to a type thr 
. terconnected levers. K Tepresents one st 
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KDM is one of the levers made of thin steel bar with fulcrum at M 
(Fig. 111). There is a light spring below the bend D of this lever 
which keeps it ordinarily pressed upwards at the position shown. 
With finger pressure on K, it is depressed down to the dotted lines. 
At some intermediate point of this lever, another lever FNG is 
connected with a short thick wire and has got its fulcrum at N. The 
second lever is connected with the third lever HOT with a light rod. 
The third lever has its fulcrum at O and carries a type at the end T. 
In the normal condition, this lever rests in an inclined position with 
the back against a rubber band B. But when the key is depressed 
all the levers take up the positions as shown by the associated 
dotted lines and the type impinges against the roller R with a ticking 
Sound. Here the lever KDM belongs to the second System, and the 
vue two to the first vir ; 

- Pulley—A pulley consists of a small circular disc or 
of wood or metal L (called the sheave), the circum- ae arahe 
ference of which is cut into a groove (Fig. 112). The 
disc can revolve freely about an axle passing through 
its centre at right angles to the plane of the disc, 
. the axle being supported in a framework B, called 
the block. The pulley can be fixed to any stout 
Support by means of its hook R. 

If the block B be fixed, as in (Fig. 113), the pulley 
is said to be fixed, while if the block can ascend or 
descend as shown in (Fig. 114) the pulley is movable, 
In a single movable pulley the weight W is attached 
to one end of the string and the effort P is applied f 
by pulling at the other end. Ifthe pulley is smooth Fig. 112 
and the string is considered weightless and perfectly flexible, the 

tension of the string is the same 
throughout. Also the distance 
through which the load ascends, is 
equal to the distance through which 
the power descends. Hence from 
the principle of work it follows that 


-. the Mechanical Advantage 
awa . (89,1) 


In practice, however, due to 
friction at the pulley, W is always 
less than P and so the mechanical 

' advantage is slightly less than I. The 
pulley is used only in changing the 
areen of the Tore AA oi 

; : ull in this case being changed into 

Fe LIT i upward one. It is used for raising 
weights, drawing curtains, etc. 

Tn a single movable pulley (Fig. 114) the pulley is supported by 

4 string, one end of which is attached to a fixed support, while the 


Pt/IG—9 
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i lied at the other end. The weight W to be raised ig 

EO Een pulley block. As the pulley is smooth, the tension T 

e in any part of the string is P. The weight of the movable pulley 
being neglected, the weight W is supported half by the tension Of 

the fixed portion of the string and half by the tension of the moving | 

portion. Hence W=2P. 


i 
<. the Mechanical Advantage =2 (89,2) 


Hence a given effort can raise a weight twice as much. In 
practice, as the pulley is not weightless, the mechanical advantage is 
alittle less than 2. (For different systems of pulleys and their? 
mechanical advantages vide Appendix IB in Supplementary Volume). 


90. Wheel and Axle—It consists of two cylinders arranged so 
as to turn on the same horizontal axis; one of these is a grooved 
wheel AB (Fig. 115) of larger radius called the wheel, while the other 
is a coaxial cylinder of much smaller radius called the axle which © 
can turn freely on fixed support. A rope is wound around the axle, 
one end of which is fixed to the axle, while the free end supports the | 
weight W. Another rope is coiled round the wheel in the opposite, 

DE direction, one end of which is attached 
to the wheel, while the effort P is applied 
downwards at its free end. When the 
effort P is applied downwards, the rope 
round the wheel unwinds and that round 
the axle coils up. Thereby W moves 
upwards, 

Let the radii of the wheel and the 
axle be a and b respectively. When they. 
make one complete revolution, a length 
2ma ofthe rope attached to the wheel 
. Fig. 115 unwinds, i.e, the initial point of appli- 

cation of P moves down through the length 2za while a length 2zb 

of the rope attached to the axle coils Tound it; i.e., the initial 
position of W moves up through 27b. Now, the principle of work 
in an ideally frictionless machine states that the work done by the 
effort is equal to that done on the resistance. 

Hence, PX2ra—W x 2nb, 
or, PXa-Wxb. 

*. The Mechanical Advantage 
` W a radius of the wheel 
(, P." b radius of the axle 

nd ; +: (90,1) 
- By making a large and b small 
within practical limits, the 
mechanicaladvantage can be 

Increased. A modification of 

the wheel and axle is the wind- 

lass which is a device used to 


D Fig. 116 
aw water from wells. It consists of a horizontal roller with 
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its handle attached to one end (Fig. 116). Another modification is 
the capstan which is used on board a ship to raise anchors by coiling 
the rope round a vertical axis. 

91. Toothed Wheels—In machinery, the speed of revolution of 
different parts is often required to be adjusted to suitable needs, 
although the main shaft possesses a constant revolution. When the 
main shaft is at a considerable distance, it is usual to fix a fly-wheel 
with a broad rim at each shaft and to connect these two wheels with 
a belt of leather or rope running over the rims. The driven shaft 
can be geared to its fly-wheel, whenever necessary. Such a belting 
arrangement is shown in the diagram of the steam engine in Chapter 
X of the part on Heat. When the load on the driven shaft circuit 
is high or the friction between the rim of the wheel and belting is 
not sufficient, there may be a slip between the two and the desired 
rotation may not be obtained. Consequently, sufficient precaution 
must be taken to secure a good grip between the belt and the fly- 
wheel. Nevertheless, belting has one advantage, viz., that it can be 
run with a high speed. ranae rm 

To secure the best possible grip on? the fly-wheel without any 
slip, the rim of each wheel is cut into a number of identical 

22. teeth, and a grooved 
chain fitting into such 
teeth may be made to 
pass over the two. Such 
anarrangementiscalled 
chain gearing or chain 
à driving. The pedal of a 

gan: ae bicycle is connected to 

Fig. 117 the axle of the rear 

Wheel by means of chain drive (Fig. 117) In such an arrangement 

the disadvantage at increasing speed is the considerable friction 
between the chain and the axle. 

When the shafts are quite close together, the rims of the fly-wheels 
are provided with teeth which engage with each other as shown in 
Fig. 118. The teeth of both the wheels are made exactly identical. 
The radius of a wheel is taken n 
to be the distance from the axis 
of rotation to a point at half the 
height of any tooth. The effective 
rims of the wheels are repre- 
sented by dotted circles. The 
distance along this dotted line 
between the mid-points of any 
two consecutive teeth is called 
the pitch of the tooth. Since the 
pitch of the tooth is equal on  - 
both the wheels, the number of 


Fig. 118 

teeth multiplied by the pitch is equal to the circumference of a 
wheel. Thus ifm, and mg be the numbers of teeth on the wheels, p 
the pitch, and r} and rs their respective radii, we note that,— 
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P EP n r 
!mp-2mr, and nap=2nrz, so tha n" ten Chis 


If N, be the number of revolutions of the first wheel per second, 
then across any point, Nin, teeth would pass by during the period, 
A similar number of teeth of the second wheel would pass by during 
one second across that point. Let this number be Nan, where N, 
represents the number of revolutions per second of the second wheel. 


| Thus Nun Nun, 


po Na AREA BOOI. 1 Lie 91,2 
MN ET y ( yl) ( 32) 


Therefore, the number of revolutions is inversely proportional to 
the radius of the fly-wheel. To make the speed of the shaft double 
that of the driver, the secondary toothed wheel would have a radius 
half that of the primary wheel. 

92. Common (or Roman) Steelyard—The common steelyard 
isa machine for quickly weighing heavy bodies. It belongs to a 
lever of Class I. It consists of a long uniform rod CD (Fig. 119), 
turning about a fixed fulcrum O, which is situated a little away from 
the centre of gravity of the rod. A hook is attached to one end D 
of a graduated rod from which bodies to be weighed are hung. A 


Fig. 119 


by adjusting the power arm with a fixed load but not by changing 
weights as in a common balance. 
Platform | Balance—This. is 


used to find the mass of a heavy fo as 
load. When used to. weigh 1 B 
luggages and heavy parcels in E & 


movable standard weight P slides 
along the arm OC. The weight of 
a body is determined by finding the 
division at which the weight P is 
to be Shifted, so as to make the rod 
horizontal. The. instrument is pre- 
viously calibrated and the divisions 
are engraved on the rod. Thus we 
See that this steelyard is a class of 
alance in which weighing is done 


a railway station, it is called 
a platform balance. 1t works 


* 


on the principle of à common 


steelyard as indicated in Fig. 


It consists of three 
levers fF,g, Fide and cbP5, 
having their fulerums respec- 
tively at Fẹ, F, and F}. The 
jig P, upon which the. 

oad is to be placed, rests on 
two knife-edges a and b, fixed 
on the levers ad and cb close 


" to the respective fulcrums, 


ba 


Any pressure exerted on the platform 
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may be regarded as being distributed at the pointsa and b. The 
pressure is communicated to the end e of the lever ae and a very 
small force is required to balance it, as the arm F,e is much longer 
than F,a. Then e is again attached by a vertical rod to the point f 
of the lever fg which has its fulerum Fs very near to f. Thus, a 
small effort acting at the end g of this can balance the force at f. 
Standard weights suspended from g constitute the effort. Very small 
fractions of weights are measured by sliding a small weight along 
F,g, which has been previously graduated for the purpose. 

It is evident that a considerable mechanical advantage is gained 
here, inasmuch as quite a small weight balances a very large one. 
The weigh bridge used for weighing trucks of coal, etc., or any loaded 
cart with its contents also consists of a platform resting on a system 
of levers, in which a system of small weights balances the load, so 
that there is also a considerable mechanical advantage. 

93. Inclined Plane—Sometimes a heavy load may be conveni- 
ently lifted upwards with the help of an inclined plane. Suppose AC 
to be a rigid plane inclined at an angle 0 with the horizoatal line 
AB (Fig. 121). A load W is placed on the plane. Suppose further 
that there is little or no friction betweent hem. 

The weight of the load acts vertically downwards. The com- 
ponent of this force parallel to the 
plane is W’ which is W sin 2. Hence, 
if an effort P equal to this compo- 
nent be applied in the opposite direc- 
tion, the load may be kept stationary . 
at any position on the planc. Thus, 
for equilibrium, P=W sin 0. 

W 1 I 

OL i-um. (93,1) 

where | and h are respectively AC 


Fig. 121 


and CB. Therefore, the mechanical advantage of an inclined plane 
is the ratio of its length to its vertical height. De 

94. Screw—The screw is a modified form of an inclined plane. 
The formation of a screw thread is understood from the following 


illustration : Imagine a vertical cylinder and a piece of paper ent 
in the form of a right-angled triangle. Place the triangular piece o 
paper with its base at right angles to the axis of the cylinder L and 
gradually wrap it round the cylinder (Fig. 122) The hypotenuse wil 
. trace a spiral path over the cylinder, which is called the thread o the 
screw. A screw is generally provided with an arm by which it can 
be rotated. Sometimes a groove is cut at the head of the pud so 
as to facilitate its rotation by means of a screw driver. Ae a 
screw is fixed up in a piece of wood or in a nut, then a he 
application of a torque, it turns round and moves bodily forward in 
the direction of the length. For each complete turn, the sorew 
moves forward through a distance which is equal to the Vs uti 
between consecutive threads measured parallel to the axis of the 
screw, e.g., a length PQ. This distance is called the pitch of the 
Screw. There are various forms in which the thread of screw may 
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be cut. Figure 123 represents screw with à square thread. Figure 
124 shows a screw jack which is used to raise a heavy load (such as a 
motor car) through a small height. The jack is placed on a firm base 
in such a way that its head B very nearly touches the underside of 
the load W to be raised. The screw S is then rotated by the handle 
H, where by it rises through a stout nut fixed within the cylinder C 
acting as its base. 


Suppose that a screw is rotated with a force P applied at right 
angle to the end of the arm of length /. Then, for one complete rota- 


Fig. 122 Fig. 123 Fig. 124 


tion the work done by the effort is 2,/P. 
ish and the resistance W, the work done 
hW. Since an ideal Screw is supposed to 
friction, we get 


2nIP=hW, whence W_ 2l 
whence P h 


If the pitch of the screw 
against the resistance is 
have no loss of energy in 


(94,1) 


practice, the efficiency of the Screw is given by : 
Efficiency = 8ctual mechanical advantage _W 


JP 
velocity ratio Zalh zap v (942) 
Examples : 


1. 10 men raise a marble block weighi i i 
€ Bung 1tonwith the help of two triple 
each Pull pene 10 Tbs, If half the energy is wasted in friction, 
if the block rises 10 ft. in every minute naci cen, per man, 
Ans. Total weight to be raised = 


P pio nag ton 100 Ibs, = 2340 the ^nt OF Marble block+-weight of lower 


IA gme; trings on the lowe block is 6: 
its the total efforts to te applied by 1 (4680.56) 160 Wen 
Bente rod AES z i Pu 0 men (4680 +6) 780 Ibs.-wt. 


: =(780+10)=78 Ibs - 

Code work oral ws im one mime ^ {deans 10) 4085; Feos 
Hance the aye [nan per minute = (46800 --10)——4680 ft-lbs. 
: rage horse-power per man =(4680 +33000 x 


*33000)=0'142 (approx) 
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2. Auniform bar AB, 2 ft. long and weighing 3 lbs., is used as steel yard 
being supported from a point 4" from A. Find the greatest weight that can be 
weighed with a movable weight of21bs. and find also the point from which the 
graduations are measured, 


Ans. When the movable weight is at the extreme end B, the weight, that can 
be weighed, is the greatest. Let this weight be W which acts at A. The distance 
of the fulcrum from A is 4". 

The weight of the bar passes through the middle point of AB and the distance 
(an "i fulcrum) ofthe point of application of the weight is thus equal to 

t.—4 in, =8", 
Hence taking moments about the fulcrum, we find 
Wx423x84-2x20, whence the required weight W=16 lbs. 

As the weight of the steelyard acts through a point on the right of the 
fulcrum, the movable weight must act at some point on the left of the fulcrum 
to counterpoise the weight of the steelyard, Let the distance of this point from 
the fulcrum be x inches, 

Then 2xx=3x8, whence x*=12 inches 


i ur the point does not lie in the bar, but is (12—4)=8 inches to the 
eft of A. 

3. A screw jack with a pitch of 0'25 inch has a handle 30 inches long. 
A force of 20 lb. must be applied when aload of 6600 lb. is being lifted. 
Calculate the velocity ratio, the actual mechanical advantage and the 


efficiency. [E. P. U.—1953] 
Ans. The actual mechanical advantage= Wao 330. 
Also the velocity ratio 2X3 1075356. 


actual mechanical advantage _ 330 + 45.9». 


+; the), CL velocity ratio 753:6 


EXEROISES ON CHAPTER VI 


Reference 

1. Define the terms ‘velocity ratio’, ‘mechanical advantage’ Art. 87 
and ‘efficiency’ as applied to machines. [Mys. U.—1952] i 

2. Describe a lever of Class III. Calculate its mechanical Art. 88 
advantage and show how the principle of work is satisfied there. 

[Utk, U.—1949] 

3. Give a very brief description of the second system of Art. 89 
pulleys and deduce the mechanical advantage. . P. U.—1952] 

4. Describe a simple pulley and explain its action. A pulley Art. 90 
system consists of a fixed block and a moving block eacb containing 
three pulleys. Explain what the mechanical advantage is. 

[Del. H. S.—1950] 

5. Deduce the buie ate ore wp and the Art. 90 

axle from th eral principle of the conservation of energy. — . 
Pr iu. P p [P. U—1959, *61] 

6. Explain the construction and acion na a railway platform Art. 92 

balance used for weighing hea' rcels on luggages. 
lene ed Sor E RE ER Ve [U. P. B.—1962] 

7. What are the two ways in which effort can be applied in Arts. 
raisinga body up an inclined plane ? Which is more advantage- 92 & 93 
cus and why ? [Mys. U.—1952] 

8. Derive an expression for the mec^anical advantage of „Art, 94 


a screw. [P. U.—1959] 
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Reference 


Art, 94 9. Thearm ofascrew jack is 15 inches long and the screw 
. has 10 threads perinch. Find the force (in seers) that will be 
required to lift one side of a lorry weighing 60 mds.  [P.U. —1962] 

Ans. 2°55 seers, 
Art. 94 10. Find the mechanical advantage and efficiency of a screw 
Jack if an effort of 1 kgm. weight is applied at the end of the arm 
21 cm. long to lift a mass of 250 kgm., the pitch of the screw 


being 5 mm. [E. P. U.—1960] 
Ans. 250; 94%, 
Art, 94 1l. Describe a jack-screw and state one ofits practical 


applications with which you are familiar, Neglecting friction 
and weight of the Machine, find out an expression for its 
mechanical advantage. i 

A jack-screw having a pitch of :25 inch is turned with a force 
9150 lbs.-wt, applied at the end of a handle 3 ft. from the 
axis of rotation of thescrew. Calculate the load which the jack 
will be able to raise. [C. U.—1956] 

Ans, 45257 lbs.-wt, 


— 


CHAPTER VII 


PROPERTIES OF MATTFR 
95.. Physical States of Matter—We already know that any thing 
that can be felt by senses is called matter. 


different states, namely solid. liquid and gas. 
definite shape and volume and opposes an 


change its Shape. A given mass of liquid has a definite volume but 


_A few solids (like pitch and sealing-wax do not 
tain a definite shape, While liquids like Mbps and t 


Such substances are said to be 


n ms and Molecules—The problem of 
OW a matter is composed? struc i 
past. They found that anym eb ay Wu ES. apes 
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possible ? The natural argument also leads to the conclusion that 
subdivision of a matter cannot lead to ‘nothingness’ since something 
cannot be made out of nothing. 

The earliest record regarding the constitution of matter is 
obtained from the writing of a Greek Philosopher Democretus 
(460-370 B. C.) who said that the universe is composed of atoms and 
void ; and such atoms are indivisible and everlasting. An Indian 
sage Kanad also propounded the same theory but he moved a step 
farther and said that void (vacuum) and atoms might be inter- 
changeable : atoms can be formed of void and viceversa. Kanad's 
speculation has been theoretically supported by Einstein. (1879-1955) 
in his Theory of Relativity by assuming ‘void’ as ‘energy’ and 
experimental evidences have come recently from unclear Physicists. 

Any way we assume that the Atomic Theory of ancient Greece 
and India was more or Jess on speculation not based upon experimental 
evidence. The first logical and experimental support came from an 
English Chemist John Dalton (1766-1844) in 1805, along with a 
team of workers Antoine Laurent Lavoisier, a French Chemist (1743- 
1794), Joseph Louis Proust, another French Chemist (1754-1826) 
etc. But even then the difference between the atoms and molecules 
could not be established. It was not until in 1811 that Amedeo 
Avogadro (1776-1856) along with Joseph Gay Lussac (1778-1850) 
established beyond any doubt the distinction between the atoms and 
molecules and the part played by such particles in the formation of 
a matter. We now know that in all chemical changes and combination 
the atoms of elements take part. A molecules is the smallest particle 
of any kind of matter which can exist in free state and can show the 
Properties of matter. 

Intermolecular Spaces—When a body is compressed or when it 
is cooled, its volume contracts, On the other hand, its volume in- 
creases, when it is stretched out or heated. Again, if sugar is 
dissolved in water, the volume of the solution is less than the total 
volume of sugar and water taken separately. It is now known that 
in most solid substances, the molecules may be taken touch each 
other like a number of balls in a basket. As there is some space in 
between the balls, there is also a space of this kind in between the 
molecules of a solid body. This is known as intermolecular space. 
Any alteration in these spaces by any physical process produces a 
change in volume. $ j 

Intermolecular Forces—The forces of attraction, which hold 
together the molecules of a body, are called intermolecular forces. 
Such a force is exceedingly great when the distance between them is 
small compared to their dimensions; but this force becomes 
exceedingly small, when the distance exceeds a certain critical value. 
The molecules are supposed to be in a state of rapid motion due to 
which they tend to separate from one another ; but due to mutual 
attraction they cannot leave each other permanently. Thus the 
molecules are under simultaneous action of two opposing tendencies 
and a change in the relative PIOES YER of such forces that gives rise 
to different physical states of matter. 


gy 
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i solid, the intermolecular attraction is far stronger than the 
molecular tendency to separate, so that the molecules are held 
together with a strong force, first investigated by Van der Waal eee 

i 2s j| 


NS 
Fig. 125—Solid State Fig. 126.—Liquid State 


1923). In crystalline solid, the molecules retain their relative posi- 
tions by a regular arrangement. It is for this reason that a solid has 
a definite shape and volume and offers a great resistance to any 
change in its shape or volume. Fig. 125 is a very highly magnified 
picture of the element *iodine? in a solid crystalline state. Note that 

; each molecule is 
composed of two 
atoms in contact 
and how such mole- 
cules have arranged 
themselves in regu- 
lar rows, in a hori- 
zontal or vertical 
direction.Each ball, 
representing an 
atom,hasa diameter 
of the order of one- 
hundred millionth 
partof a centimetre. 
In a liquid state the 
molecular attrac- 
: us tion is rather feeble, 
Fig. 127— . 80 that any portion 

£: 127— Gaseous State can move relatively 
to the other. A 


85;* 


j the MAREA gen’ r : 
molecules can move abo Attraction is practically absent and hence 
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a picture of iodine in gaseous state. A gas, therefore, has no definite 
shape or volume but completely fills the containing vessel and offers 
much less resistance to any change of volume. 

Physical and Chemical Changes—Water when sufficiently cooled, 
changes into ice, and when heated, passes into vapour. But in each 
state the constituent molecules retain the same composition. The 
changes, in which the constituent molecules (and consequently the 
substance as a whole) retain the same composition, are called’ 
physical changes. If now electric current is passed through pure or 
acidulated water, two kinds of gases are produced. The proper- 
ties of these gases are quite different from each other and also differ- 
ent from those of water. Again, if electric sparks are passed through ` 
a definite proportion of hydrogen and oxygen, the gases explosively 
combine to form water. Such changes, in which the constituent 
parts lose their identities and give rise to a substance having different 
properties, are called chemical changes. 

96. Properties of Matter.—Properties possessed by bodies in all 
their physical states—solid, liquid or gaseous—are termed general 
properties, while those properties, that are found in a particular 
State (or states) but not in all the three states are called special 
properties. 

Density—Every substance, whether a solid, a liquid or a gas, 
contains some quantity of matter and so possesses some inertia. If 
the body be homogeneous, the mass contained in a unit volume of 
the body is called the density of the substance of which the body is 
made. Hence, density is a general property. } 

Elasticity—It is the property, by virtue of which a body offers- 
resistance to external forces tending to change its volume or shape 
or both. Whenever deformed up to a certain limit, it would tend to 
regain the original volume or shape. 

A body is said to be perfectly rigid, when any external force, how- 
ever large, cannot produce any relative displacement ofits constituent 
elements. No body, however, is perfectly rigid ; but substances such 
as glass and steel possess rigidity to a very high degree. Again, a 
body is said to be perfectly elastic when it completely recovers its 
original volume or shape after the deforming force has ceased to act. 

Elastic Limit—No body is perfectly elastic. It is, however, found 
that a boby would behave as a perfectly elastic body ( i.e., it would 
completely regain its original condition), when the deforming force 
does not exceed a certain limit depending on the nature of the body. 
This is called the elastic limit of the substance, of which the body 
is composed. If the force is increased still further, the body acquires 
a permanent deformation and is said to be overstrained, — 

Elastic Fatigue—If a comparatively large force even within the 
elastic limit acts upon a bony for a time, the body does mot readily 
return to the original state, even when the deforming force has 
ceased to act. The body is then said to be in a state of elastic fatigue. 
If the force is taken away and the body is allowed to rest for some 
time, it gradually recovers and comes back to its former state, — 

Hardness—It is the property, due to which one solid offers resis- 


iu 
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tance to being scratched by another. There is no absolute value for 
the hardness of a substance ; but it is a relative property and is deter- 
mined by referring the particular substanee to a scale of hardness 
(usually Mohr's Scale of hardness), in which substances are arranged 
in such a way that each of them can be scratched by any that follows 
in the list but not by any that precedes it. Steel is harder than many 
substances, and diamond is the hardest of substances known. 

Cohesion—It has already been mentioned that the molecules of 
a body attract each other with a force which tends to bind the mole- 
cules to one another. : The binding force is called the cohesive force 
and the phenomenon is known as cohesion or Van der Waal force. In 
the case of cohesion, the forces of attraction bind molecules of the 
same kind. Cohesion is very high in solids, so that the molecules arc 
bound to one another with a great force and this Bives a definite 
shape to a solid. It is, however, different in different solids. 
Cohesion is also exhibited to a slight extent in liquids and is 
practically absent in gases, The formation of drops by liquids 
when in small masses (é.g., dew or rain drops) is due to cohesion. 

: Adhesion—The force of attraction, that binds molecules of 
different kinds, is called adhesion. Due to adhesion water adheres to 
glass. If a glass plate is made to float on water, great force will be 
necessary to take off the plate. Sticking wood by glue, joining bricks 
by mortar and the process of soldering or nickel plating are instances 
of adhesion. Properties such as Surface tension, viscosity, diffusion, 
etc., which are characteristics of fluids, are dealt with in Supple- 
mentary Volume of the part of General Physics. 

97. Stresses and Strains—When a force ( or a system of forces 
acting upon a body) causes a relative displacement of its various 
b ME math ee Hs shape takes place. The body 

1d to be straine. the for i 
volna ed Spe M ic Bod tg ce and the change in length, 
a Strain, "The strain is, therefore, 

When a body is put to strain b 
of reaction are called into play du 
parts, which tends to restore the 


(i) Volume Stress and Strain— 
uniform pressure acting perpendicularly at a 
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the body would contract in volume, its shape remaining unaltered. 
The amount of con- 
traction is proportional 
to the magnitude of 
the pressure applied at 
each face, provided 
that a certain limit, 
called the elastic limit 
dependent on the mate 
rial of the body, is not 
surpassed. Figure 129 
shows the nature of 
contraction, in ‘which 
the face ABCD con- : 
tracts to EFGH. Fig. 128 Fig. 129 

Correspondingly other faces contract by the same amount. If V be 
the original volume of the body and v the change produced in this 
volume, then: Volume Strain=v/V. (97,1) 

Bodies in all the three states may suffer volume strain. In the 
case of solids and liquids, the strain produced is very small even for 
a large force, while in the cases of gases, the strain is appreciable. 

When the body is squeezed in volume by the application of 
external forces perpendicular to the surface of the body, is tends to 
regain the original volume due to elasticity. Hence, the stress deve- ' 
loped within the body is equal to the externally applied force. per 
unit area of pressure. If P be the force applied on any face of the 
cube and if the face area be « the normal stress is P/«. 3 

(ii) Shearing Stress and Strain—When a solid is strain ed in 
such a way that it undergoes a change only in shape or form but no 
change in volume it is said to suffer a shearing strain. 

Let ABCDEFGH represent a rectangular block (Fig. 130) whose 
face DCGH is kept fixed 
to a horizontal bed. Let 
a system of force act 
uniformly and tangen- 
tially over the faces DG 
and BE, so that the 
plane BE is displaced 
through a small distance 
relatively to theface DG 
and the block assumes a 
form CDLKGHIJ of a : 
rhombus. The material Fig. 130 Fig. 131 
of the block between the 4 
faces DG and LJ undergoes a change in form only but no change 
in volume. The block, therefore, suffers a shearing strain, which is 
measured by the angle ADL(Fig, 131) called the angle of deformation 
or angle of shear. 

Let Z ADL—0, AD=b and AL=x. 

As 8 is small, ọ=tan 6. 
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«©. the shearing strain=0=tan o=% +»-(97,2) 

The relative displacement for planes at unit distance apart is 
known as the displacement gradient. The corresponding stress is 
called the shearing stress. Ifthe area ofthe upper or lower face 
is s, on which the tangential stress is acting, then : 

the shearing stress =P|s=p, say. 

The elasticity in this case is called the elasticity of shape or 
simple rigidity. As only solids possess a definite shape of their 
own, this kind of elasticity can occur in solids only. 


(iii) Longitudinal Stress and Strain—If a body, which is very 
long in comparison with other dimensions (for example, a thin rod 
or a wire), is acted upon by stretching forces P, P at both ends in the 
direction of its length, the deformation takes place lengthwise, i.e., 
along the length only ( F:g. 132 ) ; the strain in this case is termed 
the longitudinal strain or tensile strain. 


MA —— lp 
C A B D 


Fig. 132 


.. If L be the original length of the body and / the change produced 
in this length, 


98. Hooke's Law; Modulus of Elasticity—In all cases of 
Strains, there should be Some relation between the Strain (or defor- 
mation) produced and the deforming force. Robert Hooke (1635- 
1703) experimentally found that in all cases of stresses and strains 
within elastic limits, the Stress developed is proportional to the 


as rn ntn onding Stress, 
iy P ans Leks force of p dynes per unit area act 


T the surface 
Produce a diminution in volu Then A E S xd 


Stress— force (in dynes) per unit atca—p and strain v/V. 
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-. the modulus of volume elasticity ( or bulk modulus) & is 

given by kei dynes per sq. cm. ee (98,2) 

If the force is expressed in poundals and area in square inches, 
the unit of bulk modulus is then expressed in poundals per sq. inch. 
As a body possesses some volume in every state matter, the bulk 
modulus is a general property. A liquid possesses very high volume 
elasticity. The reciprocal of bulk modulus is called compressibility. 

(ii) Modulus of Rigidity—Let a body undergo a change only of 
Shape or form, as in Fig. 130, without any change in volume, due to 
a tangential force p per unit area. Then: 

shearing stress— p and shearing strain=0=x/b. 

<. the Modulus of Rigidity n= d vs (98,3) 

The unit of rigidity modulus is of the same nature as that of 
bulk modulus. 

The shape of a solid may be changed in various ways, viz., by 
flexure or bending, by torsion or twisting and by tension or stretch- 
ing. The elasticity of flexure is the property, by virtue of which a 
straight rod or plank bent by the application of a force would 
recover itself when the force is taken away. Elasticity of flexure is 
found in clock and watch«springs, bows, carriage springs, etc. 

The elasticity of torsion is brought into being, when one end of : 
a wire is kept fixed, while the other end is twisted. This is shown 
by suspending a ball from a long wire fixed at the upper end. When 
the ball is rotated about a vertical axis, every longitudinal fibre of 
the rod would be twisted and elastic forces due to shear would act 
within the rod. 

(iii) Young's Modulus (Modulus of Longitudinal Elasticity)— 
Suppose a wire of length L cm. and of cross-section « sq. cm. is 
stretched by a force P dynes along its length and that thereby it 
suffers an increase of / cm. in the length. (For a detailed exposition 
vide J. Chatterjee's Intermediate Practical Physics.) 

Then the tensile stress=P/x and the tensile strain —//L. 


*, Young's Modulus yaar dynes/sq.cm. .-.(98,4) 


. 


The modulus is named after an English scientist Thomas Young 
(1773-1829). RT D 

(iv) Poisson's Ratio —When a rod is subjected to a longitudinal 
extension by a tensile stress, it is accompained by a lateral contrac- 
tion. The ratio of the lateral contraction and longitudinal strain is 
called Poisson’s (1801-1872) Ratio. If b be the amount of contrac- 
tion of a rod of width B, the lateral contraction is b/B. The longi- 
tudinal strain is //L. Thus Poisson’s Ratio, usually denoted by o is 


given by ; 


—b/B bL ss! (98,5 
shea ass (98,9) 


It has got no dimension. For a long and thin wire, this ratio is 
negligibly small and may be neglected. ^ 
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i e in a strain— When any type of strain is produced on a system 
by die pecu force,the strain gives rise.to a Corresponding tyre of stress. s 
"long as the external force is not applied, no Strain (and hence no stress) can x 
generated, If now, the external force, applied to the system, be continuous y 
increased it is clear that so long as the elastic limit is not exceeded, the 
. deformation of the system increases ‘proportionally. At every stage, the stress 
developed within the body is equal and opposite to the externa! force applied, 
externa] force is gradually increased, there would be a gracual 
defo neuen the system. Consequently, the external force, „Originally applied 
at some region of the system, would shift its point of application along with the 
displacement of that region due tostrain. Hence in moving through Some 
distance the external force does some work on the system. The greater is the 
strain, the larger is this amount of work done. Suppose that ap external force 
in rising from a zero value to F makes a total displacement S of its point of 
application, We may simplify the idea by assuming that. the average value of 
theexternal force is JF. Hence the toial work done in bringing about the 
deformation is FS, À ; à 
Fora unit cube ofa medium, the force F applied at any face is the stress, 
since the face area is unity. The displacement of any face area represents the 
strain, since the distance between opposite faces is unity. Hence the work done 


99, Experimental Determination of Young's 
Modulus—T wo exactly similar wires A and 
B (Fig. 133) of the material under investiga- 
tion are hung up close to each other from 
the same fixed support. The wire A has a fixed 
load W attached to its lower end 80 as to keep it 
taut and a short scale S, graduated in mm. is 
fixed to this wire towards the lower end. The 
wire B is the experimental wire, to which is 
attached a weight hanger at the lower end. On 
this hanger weights are placed to stretch the 
Wite. The wire carries à vernier V which 
Slides along the main scale S. 


At the start, the experimental wire is stretched 
by a load of 1 or 2 kg. to make it free from 


angles to cach other, The mean of all such 
readings is the average diameter of the wire 
Of which gives the average radius, 3 


Fig. 133 
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of 1 kg. and reading of the vernier is taken at each step. The 
difference of readings gives the corresponding elongation in each case. 
Tae total load must not however stretch the wire beyond the limit 
of elasticity which is about half the breaking load. For finding the 
breaking load see next page. The weights are then removed one by 
one in equal instalments as before and the readings of the vernier 
are sgain noted. The two sets of readings should agree fairly well and 
from these sets the mean elongation for a given load is calculated. 
Let the length of the wire be L cm., the mean radius of the wire 
be r cm. and the mean elongation of the wire be / cm. corresponding 
to the load of W gms, 
3 = Wa l m WoL dynes 
Young's Modulus Y wl Fe TN -. (89,1) 
Very often a graph (Fig. 184) is drawn with the load as abseissa 
and the corresponding elongation as ordinate. Within the limits of 
elasticity this graph is a straight line, showing that Hooke's Law is 
true. ‘This is 
because we can 
write equ.(99,1) 
in the form 


= 19 xWe 
j Yar? wW 
KxW where 
K is an instant. 
Hence relation 
between 7 and 
W is linear. 
Any suitable 
elongation and 
correspondi n g 
load may be 
taken from the 
graph and the 
calculation for 
Y may be made 
as before, 

The two 
wires are fixed 
to the same 
support, since 
any yielding 
of the support 
due to a load 
on either wire : 
would equally Load x oe 
affech the de- B ; 

“pression of both the twires. They are also of the same material, to 
rthat any change of temperature may affect both of them equally 
(without altering the reading, WS i 


daren i Ph. TIG. 10 


Elongation in milimetres 
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When the exira load over the dead load is zero, the excess strain 
also is zero, so that the graph passes through the origin. If the load 
is increased too much, the stress goes beyond the elastic limit and the 
wire gets & permanent elongation until for a certain limiting load the 
wire breaks down. This load is called::the breaking weight for the 
wire. Tho breaking weight for a wire of unit cross-section is called 
the breaking stress for the material of the wire, To find the breaking 
weight for a certain wire, we are to multiply the corresponding 
breaking stress by the area of cross-section of the wire. 


The following Table supplies the various types of elastic constants 
for common substances : 


Volume 
Modulus i Prt a Poisson’s Elasticity 
(dynea/om, T Ratio (dynes/om. 
O12 3 x10!) 
‘84 7:46 
"887 181 
'29 "d 
ET 10: 
jT *325 s 
4*i *88 12" 
97 to 10:3 8'6 '84 to ‘4 10°65 
116 4'8 to 4°7 *87 aes 


100. Elasticities of Liquids and Gases—It has already been stated 
n: ae and gases are termed fluids, for they can few Seen cae 
Erw Fossa When a fluid flows, there is a relative motion of 
of the ] yere 9t the fluid. Any small force would start the motion 

9 ‘ayers. But when the force is withdrawn, there is no tendency 
up its original shape. For this reason we say 


Peed and is suede] (202% The chamber, im which th 


a Plezometer, The bulk modulus of liquids is bigh» 
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since liquids are almost incompressible. For water at 25°C, the 
value is 212x10*? dynes per sq. cm. 

It would be seen subsequently that at a uniform temperature all 
gases very closely obey Boyle's Law. (Vide Art. 142). If P be the 
pressure on the gas having a volume V at some temperature and if 
by increasing the pressure by a small amount p, the volume of the gas 
is decreased by v, temperature remaining constant, then by Boyle’s 
Law, we obtain the following relation— 

PY =(P+p\V—-v)=PV—Pvt+pV-pv. Now pv is negligibly small 
as compared to other quantities, and so it can be omitted from the 
equation 

= Bes Sa increase of pressure 

Pum pV. whenoati v/V . proportional change of volume’ 

Hence if a gas obeyirg Boyle’s Law be compressed, the volume 
elasticity is equal to its pressure, This is also called isothermal 
elasticity of a gas. 

If, however, a volume of a gas be compressed so suddenly that the 
heat prcduced due to compression cannot escape but goes entirely to 
heat up the gas, the process is called adiabatic transformation. In 
such a case the pressure-volume relation of a gas is given by 


PV” = constant, were y is the ratio of the specific heat of the gas 
at constant pressure and the specific heat of the gas at constant 
volume (Vide HEAT, Art. 49). In adiabatic compression of a gas,— 


jpa Lt increase of pressure = Bulk Modula: 
v/V proportional change of volume 


Thus the adiabatic elasticity of a gas is equal to y times is pres- 
sure, (For detailed study, vide SOUND, Art. 17). 


Examples : 

l. A mass of 20 kgm. is suspended from a vertical straight wire 600 cm, long 
and 1 sq. mm. in cross-section. When the load is removed, the length of the 
wire is found to be 5996 cm. Find the Young's Modulus for the material of 
the wire. 

Ans. The original length of the wire L=599°5 om. 

and the elongation in the wire 1=(600—599°5) om.=0'5 cm. 


i 1 
+‘. the deforming force per unit area c 20% 0x96 dynes/sq. cm, 


20 x 10 x 981, 599°5 2 
= x i cm. 
Hence, Y 001 x 05 ynes/cm 
= 2'35 x 10'? dynes/om.? jt ee 
2. A uniform steel wire of density 7'8 gm, per c.o, weighs 16 gm. ani 
260 om, long. It lengthens by 1'2 mm. when síretohed by a force of 8 kgm, 
weight, Oasloulate the value of Young's Modulus of steel. [Gau. U.—1958) 
Ans. Let the area of cross-section of the wire be « &q./om. 
Then the volume of the wire=250« o.c. 
Since mass» volume x density, 2604 x 78:6 gm, 
16 


whence *7ap XTE 


sq. om, 
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force — 8X1C00x981x250x T'8 dynes[sq. om. 


pun 85 Qtoss-seotlon 16 


and strain=elongation per unit length — E . 


= Stresa |. 8 X 1000 x 981 x 950-x 7*8 x 2504 A 
ee E FN 16x18 ynes/om. 
By use of a log-table for calculations we find 
log 8 =0'9031 log 16=1'2041 12'5827 
log 1000 =3'0000 " log '12-1:0793 0'2883 
log 981 22/9917 ‘2833 12°2994 
log 250 =2'3979 antilog 12°2994 = 1:993 x10"? 


log T'8 =0°8921 

log 260 ^ =9'8979 
12'5827 

^ Young's Modulus for síee1—1993 X 10!? dynes/sq. om, 

8. A stress of 1 kgm, per square milimetre is applied to a wire, of length 
100 om. of which the Young's Modulus is 10'* dynes per sq. cm. Find (a) the 
inerease in length and (è) the work done per unit volume of the wire during the 
stretching. (Raj. U.—1951] 

‘Ans, The word ‘stress’ in the problem is rather loosely used to mean the 
external force, 

(a) Thus the external force being 1 kgm. per sq, mm., the stress on it is 


force 1 
eu UK dynes/om,* — 981 x 10* dynes/om.*, 


Now Y= . Íoree per unit area 
elongation per unit length ' 


whence the elongation per unit length= D ` 
+’, the Inoréage in length = DXX 10° «00981 om. l 


(b) Again, stress=981 x 108 dynes/om,? and strain = 981 x 1071 | 

*- work done per unit volume= (stress) x (strain) l 

= £X981% 10° X981x10-" ergs=4811'8 ergs (approximately), | 

2 4, Find the change In volume of a ‘solid iron Sphere of radius 5 cm. 

subjected to a uniform hydrostatic Pressure of O'L ton weight per square inch, 
the bulk modalus of iron being 14x 1011 dynes per sq. om. 


Ans, The volume of Y ot the aphere=grrt = 4X S14x 85. g 
— $ —06. 


Normal stross='1 ton/aq, = 1X 20x 4X28 x 89:9 x 1382 
I aah PORT B 918 aynes/om.* 


‘Binoe r=, it tollows ; 
V beu pV 4X8'141 x 5* x 8X 98:822 x 15825 | 
Rage qa SXTSix250x TEx ION — 00m $786 X 10730,0. 
xin: th ape 
ais w that he energy spent in stretching a wire of length I, om, and 
ma r Om. by | om. is given by Yrr*i* where Y ig [| ^ : 
d ; 9n" 3 lts Young's Modulas o 
Eos E ue 3525 (Raj. U.—1954] 
i stain ^ gno : 


dA EE . D 
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the force required to stretch the wire by l ome Yri dynes. Bo long 

as the wire is not stretched, the pulling force is zero. Pius we can say the 

average force on the wire is 5 . x dynes with which it has been stretched 
by ] cm. 

.. work done=energy spent = force x displacement= 


Iri ergs, 

101. Friction—The surface of a solid is never perfectly smooth. . 
Consequently, whenever one body slides over another, there is a sort 
of resistance to its motion. Hence if two bodies be in contact with 
each other and if we try to drag one of them over the other, a force 
is set up at the surface of contact and this force tends to resist the 
motion. This is callel the force of friction between the suríaces in 
contact. The friction is due to the roughness ot the material surfaces 
in contact. So if the surfaces be perfectly smooth, there is no force 
of friction to oppose the motion, The force of friction always acts 
parallel to the surface in contact and opposite to the direction of 
motion. Friction is a special property of solids. When a liquid or 
a gaseous mass flows, there is something like frictional resistance 
between various moving layers. This peculiar type of friction within 
fluid media is called its viscosity. 

Suppose a rectangular solid body G (Fig.185) is at rest on a plane 
horizontal surface. The forces acting on G are (i) its weight mg 
acting vertically downwards, and (ii) the re- i 
action B, acting vertically upwards. In a state B 
of rest the upward reaction B balances the > 
weight mg and no friction is brought into 
play. If now a small force P be applied to G 
parallel to the surface, a resistance (say, F) is 
offered against the motion. If this body is still Fig. 185 
at rest, it is in equilibrium under the action of : 
the four forces B, F, P and mg. As B is equal and opposite to mg; 
the forse F must be equal and opposite to P. 

As P is increased, F also increases. It is found that ss long as P 
does not exceed a certain limit, there is no motion, F being so long 
always equal to P. The resistance F, which is thus brought into 
play by the external force P in & direction opposite to that of the 
latter is a self-adjusting force and so long as the body is at rest, that 
force is equal to the pulling force. The force F is called the frictional 
force between the two bodies in contact. sone a 

102. Limiting Friction—Although friction is a self-adjusting force, 
it does not however increase indefinitely with the external force. ; 
Thus, if the external force P is gradually increased, the force of 
friction reaches a maximum (or limiting) value which depends on the 
nature of the surfaces in contact and the magnitude of the pressure 
(ie., the normal force) between them. The body is now on the point 
of sliding and the friction then exerted is called limiting friction 
between the two surfaces under the impressed normal force. If the 
external force be increased further, equilibrium is lost and the body. 
begins to move. ‘ 
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The friction is said to be sliding or rolling, according as one body 
slides or rolls over another, The dragging of a heavy load over the 
ground, the rubbing of hands, etc., furnish examples of sliding friction, 
while the rolling of a cart-wheel on the road Offers an example of 
rolling friction. 

When motion has once set in, the force to be applied so as to 
nalntaia a steady montion is found to be slightly less than that 
necessary for starting the motion. Sliding friction is thus slightly 
less than limiting friction. If, when the equilibrium is limiting, the 
normal reaction and the frictional force be compounded into a 
resultant single force, The angle, which this resultant makes with 
the normal to the surface, is called the angle of friction and the 
single force is called the risulant reaction. 


friction on the ground, we would not have been able to walk; 
on we cannot fix nails, tie knots, climb trees, etc, 

increase the friction, for 
way lines after rains or 
When a brake is applied, it 
el and owing to the fricticn 


friction is to be minimised. Thus, in the 
friction is reduced as much as 
possible by lubri- 
cating oil, graph- 
ite, vaseline, etc. 
Figure 186 shows 
the cross-section of 
the collar bearing 
; in which the axle 

Fig. 136 Fig. 197 S of the revolving 
ark is loosely fitted 
The space between The two is well 
d with tar macadam 80 as to present an 
of wheels are provided with rubber 
To diminish friction to 


than sliding friction, 


Wheels at the base, 
E bicycles, ete., the slidj 


29 limiting ; and when i Eae 
the friotion it termed litt of ah amic. Ml Sliding over another, 


à- 
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Laws of Limiting Friction: 


(1) The direction of the limiting friction is opposite to the direc- 
tion in which the point of contact tends to move. 

(2) The magnitude of the limiting friction always bears a constant 
ratio to the normal reaction. 

(8) The constant ratio depends only on the material and the 
nature of the surfaces in contact but not on their extent or shape 
so long as the normal reaction remains the same. . 

Coefficient of Friction— The constant ratio of the limiting friction 
to the normal reaction acting across two surfaces in contact is called 
the coefficient of friction and is usually denoted by # Thus if 
F be the limiting friction and E the normal reaction, then 


one hana oco cos PR .. — (203,1) 


The value of the coefficient of friction is different for different 
pairs of substances; but it is always less than unity for any pair. 
When one body is sliding over another, the force that is required to 
maintain the motion,-is slightly less than that at start. Let the 
force for the maintenance of motion be Fi. Then the coefficient of 


dynamic friction u, is denoted by we, whence F; = 4 R....(103, 2) 


Again, if the resultant reaction between the two surfaces ig 
denoted by Q and the angle of friction by 4, then 
F-Qsin« and R=Q 008 <4, 


whence iini 4, or lK-ian& —, .. (108,8) 


In other words, the coeficient of friction is equal io ihe tangent 
of the angle of friction. 

Angle of Repose—let a body of weight W be placed somewhere 
on rough inclined plane AB (Fig. 188). At that region the weight 
W acts vertically downwards and the reaction R acts normally to 
the plane AB. Under the action of these two forces the body would 
tend to move down the inclined plane. 
But the motion is opposed by 
the frictional force between the 
plane and the body, such force acting 
opposite to the direction of motion. 
If the inclination of the plane to the 
horizontal is small, the force of fric- 
fion may be equal to the resultant 
force tending to drag the body down 
the inclined plane and the body would 
remain at rest. If- the angle of incli- w 
nation is gradually increased, the Fig. 188 
sliding force increases; so also does AE 
the force of friction, But ultimately the friction reaches its limiting 
value F, say. The angle, which the plane now mekes with the 
horizontal, is called the angle of repose. 
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From the centre of gravity of the body drop a normal to the 
horizontal line AC. 

Let the force of friction be=F and the angle of repose be= 90, 

Then the component of W parallel to the plane =W sin 8 

and the component of the W normal to the plane =W cos 6, 

-. for equilibrium, Wsin@=F and Woos0-R; 


or tan $e. =u=tana, whence 6*«. 


i w BO, height of the plane 
scan mea anne AC length of the base bn 
Hence the angle of friction is equal to angle of repose, which is, 
therefore, also called the limiting angle of friction. The coefficient 
of friction w is obtained by dividing the height by the base of the 
inclined plane at the limiting ange. 


(108, 4) 


- Example; 
\A solid onbe is placed on an inclined lane. If the angle of friction is 30°, 
calculate the coefficient of friction, s [P. U.—1951]} 


Ans. Since the coefficient of friction is equal to the tangent of the angle 
of friction, 


1 
fan 80°=——_ =0'5774, 
#=tan 7 


104. Motion of a body on a Rough Inclined Plane—Let a 
body of mass m be placed upon a rough inclined plane of inclination 6 
to the horizontal when the equilibrium is limiting. Let ^ be the 
coefficient of friction between the body and the plane. Let the 


(i). Let the body be on the point of moving down the plane, so 
that the frictional force F acts up the plane. According to the 
Preceding Article, we 8et for the reaction R and frictional force F, 

R=mgcos@ and F-"R-/mg cos 0. 
+ the resultant force on the body down the plane 
= mg sin 0- umg cos = mg(sinó—ncos0) — ... (104, 1) 

Hence the acceleration of the body =g (sin 6— cos 6) 

7 g(sin 0 — tan « cog ¢)=78in (6 —«) se» (104, 2) 
cos « 

Since w=tan « tron eqn. (103, 3) 


Gi) Next Suppose that the force P. i 
» acting on the body parallel to 
the plane and along the line of the greatest slope, drags the body up 


reversed. Then the resultant force acting on the bod 
mr y up the plane 
P mg sin 9 — "mg cos 6 =P — mg (sin 6 - tan « cos 6) 


sin (0+ x) 
i GE a ses (104, 3) 


-P-mg 
Hence the acceleration = P g&n (04 «) 


Se : m cos « 
y is just in equilibrium, there is no acceleration, so that 


. When, however, the 
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P_ sin +4) 29, or, P-mg sin 0-#mg cos 070, 
m cos 4 
whence P=mg (sin 0+4 cos 6). " (104,4) 


105. Determination of the Coefficient of Friction—The coefü- 
cient of friction between two soild surfaces can be determined by the 
following method : 


(1) A horizontal table is made of one material. Place a block of 
another material (Fig. 139) on the table. One end of a light string 
is attached to a hook fixed to the block, while the other end passes 
over a smooth pulley fixed ai the end of the table and carries a scale 
pan. A known weight is now placed on the block. Weights are then 
placed on the scale pan, till the block is just on the point of motion. 
This condition can be ascertained by tapping the plane gently. Let 
the total weight of the block and the load be equal to W and the total 
weight on the scale pan be= w. Then R 
the force of limiting friction=w and 
the normal reaction R= W. AR 


Hence the Coefficient of Friction 

(enun E w 
by y= ===. 
is given by 4 ETW 

Repeat the experiment with W 
different weights on the slab and 
take the mean value of ". 

(2) An inclined plane is made WT 
of one material and a rectangular 
slab of another material is placed Fig. 139 
on it. The angle of inclination of the plane is gradually increased, 
till the slab is Just on the point of sliding down the plane. 

Since the slab is in limiting equilibrium, the tangent of the angle 
of inclination of the plane to the horizontal is equal to the coefficient. 
of friction. Keeping the plane fixed at the position, the height and 
length of the base are measured. The tangent of the angle of incli- 
nation is thus found, whence the coefficient of friction is obtained. 

(Vide J. Chatterjees Intermediate Practical Physics) 


The following Table supplies the Coefficients of Limiting Fric- 
tions between common substances : 


Coefficients of Limiting Friction 


Coefficients 
07 
05 
0°55-0'65 


Substances 


—— 


Bubstances Coefficients 


Wood on wood 0:8-0*5 Btone on stone 

Metal on wood 01-0: Metal on leather 
Metal on metal 0:2-0:5 Metal on stone 

| I D a E 


Examples : ; 

1. A metal block of mass 2000 gm. slides from rest down a rough inolined 
plane, the slope being 1 in 5, Find the resultant force down the plane, the 
coefficient of friction being 0°15 (g=980 om. per geo. per B00.) 
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the plane=mg sin « F—m sin <-2R 
Ans, The resultant force aane ue Leni voc prm sb 


Here sin «=z, (o that cos «= iuf) , 47015 and m=2000 gm. 


2/6 
+. the required resultant forca=2000 x 980 x $-0'15 x 2 dynes 


7108880 dynes (approx.). UNT 
ie horizontal. 
] k is placed on a metal plane inclined at 30" to the 
the M P ue 500 gm, and the ‘coefficient of friction P 0 n ir 
roe musí be supplied (a) to keep the body from sliding down Dey TeDe 
ove it up plane ? [Utkal U. 


Ans. The component of the weight of the block moving it down the plane 
my sin 0=(500Xg x'5) dynes— 950g dynes, 


3 
Also the normal reaction of the Plane=mg cos 0=b00xg x 8 dynes 


= 250 ,/3g dynes. 

The frictional force is thus equal to umg cos @="2X 250 /3g dynes=50 J3g 
nes= 86'5 xg dynes. $ ài 
Hence, Wie orea required to keep the block in position = (250 — 86'5)g S ovg i 
75 gm. wi, To pull the block up the inolined plane, the force require pe 
Overcome the offect of the two forces m») sin @ and amg cos ô. Thus E] 
liting force is equal to (250+86'5)9 dynes =336'5 gm. wi. 


ed. It is found that when the weight is 50 gm., the weight den 
las to move up the plane. Qaloulate the Coefficient of friction, the weig 
the scale (Dac. U.—1958) 
Ans. Let the required coeficient of friction be p, As the weight in the 
a ds 50 gm., the body is pulled up along the plane with a force 50g dynes, 
Since W=50g and R=W cog 9=50g cos 80° and F=~R=50ug cos 80°. 

Hence by (104,4) 50g =50g sin 80*--504g cos 30°, 


pa, whence the required coefücient of frlotion e 1 


or, 


EXERCISES ON CHAPTER VII 


Reference 
l.. What is Hooke’s Law? Explain the terms ‘atress’ and Art, 98 
ain’, In what units are they expressed ? (Del. U.—1963 ; 
P, U.—1952; U, P. B.—1953 ; Raj. U.—1964) 
2. A wire 0'4 om, in diamete: is loaded with 2 


5 kgm. weight. Art. 98 
ength of 100 om. ig found to be extended to 102 om. Calculate 
Young's Modulus ot the material of the wire. (0. U.—1953) 
Ans, 'Ox1010 dynes/om.?, 


3. Define Young’s Modulus of Blastiolty. How do you Arta, 

mine Young's Modulus for A steel wire? (0. U.—1953 ; 99 & 100 

l. U.—1951; U. P. B.—1942 ; Raj. U.—1951; Dac. U.—1943 . 
Del, H, 5.—1960 ; Del, U.—1949, "69 ; 

4, A copper wire, 2 motres in length and ‘5 mm, in diameter, ' Art. 99 

tretched by a weight of 8 kgm. and the elongation of the wire 

'88 mm. Find Young's Modulus of the wire, 


5, A steel wire of length 200 c; 


m. and of di "i 2 99 
uspended from an unyieldin, nd londet et, 0035 om, Art, 


elongation of 0-391 om. is observed, Calculate Young’s Modulus 
steel, ( =981) . (Vis, U.—1954) 
Ans. 9x-gii dynes/om,?, , 


- a 


ART. 104 


` Reference 
Art. 99 


Art. 100 


Art, 103 


Art. 104 


Art. 104 


Art. 104 


Art. 104 


Art. 104 


Art. 103 


Art. 103 
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6. Calculate the work done is stretching a wire assuming 
Hooke’s Law. A copper wire, 2 metres long and 8 sq. mm. cross- 
sectional area, is suspended vertically and a load of 5 kilograms is 
attached to the lower end. Oaloulate the work done is stretching 
the wire, if Young's Modulus for copper is 1°2x10** dynes/cm.* 
and g=981 om.[sec.*. (Poona U.— 1960) 


Ans. 6°7X10* ergs. 

7. Oalculate the sh aring stress and strain produced in a rod of 
diameter 1 inch subject to a shearing force of 2 tons weight; n= 
2100 tons weight per sq. in. 

Ans. 2°55 tons weight, 1°2x10-* radian. 

8. Define modulus of elasticity. Obtain an expression for the 
isothermal elasticity of a gas obeying Boyle’s Law. 

What is the isothermal elasticity of air when 1 gm. of air at 
97°0 occupies 100 c,o.? One litre of air at N. T. P. weighs 
1298 gm. (Nag. U.—1964) 

Ans. 8:64-10* d;nes/om.*. 

9. Show that once a body is just ready to slide down an 
inclined plane, the tangent of the angle of the inclination of the 
plane is equal to the coefficient of friction. 

(Del. H. 8.—1952 ; Of. Nag. U.—1952; Dac. U. —1963) 

10. A boiy of mass 2 lbs. rests in limiting equilibrium on a 
rough plane whose slope is 45°. If the plane is raised to a slope of 
60°, what force along the plane will just support the body ? 
(9 =82 {t./sec.*) (Poona U.—1954) 

Ans. "[28 lbs. wh 

11, What is the acceleration of a block sliding down a 30? 
slope when the coefficient of friction is 0'25 ? (Poona U.—1954) 

Ans. ‘2836 g. 

12, A block of stone of ma:s 4 kgm. is just moving up a slope 
1 in 20 by a force of 2X 10* dynes applied parallel to the inolined 
plane. What is the value of thé coefficient of friction between the 
surface in contact ? . 

Ans, 046. 

18. A body of mass 5 kilograms is being pulled up along a 
rough Inclined plane with an acceleration of 6 cm./seo.? by means 
of a weightless string running paraliel to the plane. If the incli- 
nation of the plane be 45° to the horizontal and coefficient of 
friction between the body and the plane be 0'3, find the pull in 
the string. (Pat. U.—1962) 

An; 45:285x105 dynes. 

14. A boly of mass 4 lbs. rests in limiting equilibrium on a 
rough plane whose slope is 80°. The plane being raised to a slope 
of 60°, find the forces required along the plane when the body 
(i) is on the poiat of sliding down and (ii) is on the point of 
moving up the plane. (Nag. U.—1959) 

‘Ans, (i) 2'31 Ibs.; (ii) 4'62 Ibs. wh 

15. Explain fully the terms *Eriotlon' azd ‘Limiting Friction’, 
Justify the statement that fin as A eana rdi Give 

ih: for reducing and increasing friction. 
some familiar methods fo g (P. U.—1952) 

16. A ladder 80 ft, long rests with one end against a smooth 
vertical wall and with the other on the ground, which is rough, 
the coefficient of friction being Q'5. Find how high & man, whose 
weight is four times that of the ladder, oan ascend before it begins 
to slip, the foot of the ladder being 6 ft, from the wall. 

‘Ans. 88 ft. Hence the man may ascend the full length without 


a chance of slip of the ladder. 


à 


HYDROSTATICS 
CHAPTER VIII 
PRESSURE IN LIQUIDS 


100. Hydrostatics—It is that branch of Physics which deals with 
the properties of fluids which are at static equilibrium under the 
action of external forces and pressures exerted within their own 
masses or on the sides on the containing vessel. 

Fluid—A fluid is a substance which has no shape of its own and 
which takes up the shape of the containing vessel. Liquids and 
gases fall under the category of fluids. A given mass of liquid has 
got a definite volume at a giyen temperature under ordinary pressures 
but a gas possesses a volume dependent on temperature and pressure. 
Maintenance of a definite shape, as is the characteristics with solids, 
is due to rigidity as illustrated in Art 95. Every solid possesses 
elasticity of shear. But from the fact that a liquid or a gas cannot 
maintain a definite shape we understand that it possesses no shearing 
elasticity, although the compressibility of a liquid is extremely small, 
while that of a gas is considerable. 

Fluid Pressure—If a number of holes be made at the side and 
the bottom of a vessel Containing a liquid, the liquid is found to 
come out through all the openings. If any body 
wants to stop the outflow of the liquid by covering 
the holes with suitable Plates or with fingers, he will 
feel that some force is to be applied from outside on 
each plate to keep it in position. This shows that 


shown by arrow-heads) that the liquid forces its 
opening of the containing vessel. Ifthe wall of the 


` The pressure of a fluid at rest on an i 
y surface is the normal force 
padia t exerted by the fluid on a unit area of that surface, The 
Bey ss M said to be uniform, when the thrusts on any two equal 
ol Im aro equal. If P be the total thrust exerted by 
cai a uniformly on a surface of area A, the pressure p on it is 


P 
i se .. (106,1) 
The pressure exerted by a liquid on the wall of a vessel may be 


Met! Or may vary from po; : 
uniform, the á , Point to point, If the pressure is not 
surfaca, Pression P/A gives the average pressure over the given 
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Pressure at a Point—The pressure at a point due to a fluid is 
defined to be the normal force exerted by the fluid on am unit area 
containing that point. In the O.G.S. system the pressure is expressed 
in dynes or in grammes-weight per square centimetre, while in the 
F.P.S. system it is expressed in poundals per square foot or pounds- 
weight per square inch. Suppose, for instance, that a hole of 6 sq. cm. 
in area is made at the side of a vessel containing a liquid. A plate 
just fitting the hole is pressed against to stop the outflow of water. 
Ii a force of 48 gm. wt. is just required to check the outflow, the 
average pressure is 8 gm. wb. per sq. om. or 8g dnyes per sq. em. 


107. Pressure in a Liquid—That a liquid exerts pressure on 
the side of the containing vessel may be shown by making & hole 
anywhere in its wall when the liquid would be forced out. "There is 
also some pressure at any point within the mass of liquid. This can 
be shown by the following experiment : 


Take a thistle funnel F and stretch a thin sheet of rubber over 
its mouth. Connect the funnel to a glass tube G (Fig. 141) of a 
narrow bore, by 
means of a length of 
rubber tubing T. A 
drop (D) of a coloured 
liquid, introduced 
into the glass tube, 
acts as an Can 
The glass tube is 
supported horizon- Fig. 141 
tally and a scale S is placed along its side. If the rubber membrane 
is now pressed with finger, the index moves forward and the larger 
is the pressure, the more does the index move away. When the 
pressure is withdrawn, the drop comes back: to the initial position. 


Now take a deep vessel V containing water and introduce the 
funnel into the liquid ; the index is seen to move outward. Moye the 
funnel to greater and greater depths and note that the index moves 
out more and more from its initial position. This proves that pressure 
continuously increases with the depth of the liquid. Now keep the 
funnel at a certain depth (say, at O) and mark the position of the 
index on the scale. Turn the mouth of the funnel slowly to different 
directions about this point. Note that the index does not move with 
the rotation of the funnel. Therefore the amount of pressure around 
a certain point within the liquid is equal. Now displace the drm 
to some other point in the same horizontal plane and pe o 
different directions as before. Note that the position of the in S 
remains unchanged. Liquid pressure ab the same vri phe 
is, therefore, the same. This experiment was successfully carried out 
by Blaise Pascal (1623—1662). i 

Thus about a mass of liquid at rest the 
following facts— ^ p i 

() A liquid exerts pressure at every point within 
all directions. Í c 


experiment gives the 


iis mass and im 


(is) The pressure at any point in the liquid or at different roinis 
-on the same horizontal plane is the same in all directions. 


(iii). The pressure at a point within a liquid is directly propor- 
tional to its depth. 


108. Vertical Upward Pressure—If an empty test tube is pushed 
down into water with the closed end downwards, the tube on being 
released springs up due to the upward force 
exerted by the liquid at its bottom. The following 
experiment further demonstrates the pressure of 
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| 
i 
vertical upward pressure. | 


Take a wide glass tube T with one end evenly | 
grinded. Hold a thin plate P of glass ( or metal) | 
against the grinded end with a string attached to 
it (Fig. 142). Immerse the whole thing vertically 
to some depth in a vessel of water and release the | 
string. The plate is found to remain in position 
as if pushed from below. This is due to the 
upward thrust on the lower surface of the plate. 
: Fig. 142 Now slowly pour down water (preferably coloured) 
into the tube. If the plate is very thin, it will drop when the level on 
-the water inside comes almost to the same height as that of the 
water outside. This shows that the downward thrust on the plate 
is equal to the upward thrust on it, which is e „ual to the weight of 
the column of water standing on the plate. 


: Lateral Pressure—A cylindrical vessel of thin tin sheet fitted 
with a stop-cock T on one side near the bottom is filled with water. 
On being placed on a suitable piece of cork it is arranged to float on 
water ( Fig. 148 ) When the stop-cock is opened water flows out 
and the cylinder is seen to float away slowly in 
a direction opposite to that of the issuing water, 

The explanation lies in the fact that when 
the stop-cock remaing closed, the lateral 
Pressure exerted by water on the stop-cock is 
equal and opposite to the reactive pressure 
exerted the stop-cock on water and conse- 
quently the vessel shows the tendency of 
motion, When the tap is opened, the pressure 
exerted by the stop-cock is released due td Fig. 148 


which water flows in a stre 
the vessel move in that dde p ee mde 


va 
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109. Magnitude of the Pressure within a Liquid— Let a surface. 
of area A (Fig. 144) be immersed in a liquid at a depth A. 
below the free surface of the liquid and kept there in & horizontal 
position. Imagine vertical lines to be drawn from every point ofthe- 
boundary line of this surface till they reach the surface of the liquid. 
Such vertical lines envelope a column which is filled with the liquid. 
This column of liquid is clearly standing on the surface of area Æ 
which serves as its base. The weight of this liquid gives the thrust. 
on the base area. If the density of the liquid be p and the accelera- 
tion due to gravity at the place be g, the volume V of the water- 
column on the area is 4h and its weight is equal to Ahpg. Therefore, 
the total downward thrust T upon the surface is given by 
T= Ahpg. te Dt oe --.(109,1) 


The total pressure on a surface immersed horizontally in a liquid 
is equal to the weight of the column of the liquid, whose base is the: 
given surface and whose height is equal to the depth of the surface 
below the free suface of the liquid. 


If P denotes the downward pressure at any point on the surface, 
then remembering that pressure is the force or thrust per units area, 


we get P= hey =hpg. a wee (109,9) 


This is also the magnitude of the pressure in the upward as welb 
as in any other direction at the point. The above relation shows that 
the pressure at 
any point within 
the liquid is 
proportional to 
(i) the depth of 
the point, (7i) the 
density of the 
liquid and (diz) 
the acceleration 
due to gravity at 
the place of ob- 
servation. The 
air above the 
free surface of 
the liquid also exerts the force of its weight on the liquid surface. 
The weight of air acting per unit area is called the atmospheric 
pressure, and if this pressure. per unit area be z, the total pressure 
at a point at a depth h below the free surface of the liquid is equal 
to x * gph. 

A tall jar with a number of openings on ‘the side is taken (Fig. 
145). When the jar is filled with water, the water is seen to come 
out in streams from different holes; but the flow of a stream in- 
creases with the depth of a hole from the free surface of water in the 
jar. This indicates that within the liquid the pressure increases with 
the depth, Since pressure is force per unit area, the dimension of. 
pressure is force+ area or MLT " -L'*9ML'T *. 


Fig. 144 Fig, 145 
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*j10. Whole Pressure or Resultant Thrust—It has already 
been stated (Art. 106) that the effective pressure exerted by a fluid on 
‘the walls of the containing vessel is always at right angles to the 
surface of contact. This is equally true, if there be any par ition wall 
within the liquid, In the experiment to demonstrate the existence of 
pressure in all directions around a- point within a liquid (Art. 107), 
thistle funnel, covered with a piece of rubber membrane on the side, 
was taken down within the liquid to a certain depth and was slowly 
‘rotated in different directions. The position in the index was found 
to be fixed; this shows that the force exerted by water on the 
rubber membrane was the same at a given'depth, being always at 
right angles to the surface of the membrane. This force is called 
the whole presswre on the membrane, which may defined thus : 

Jf, for every small element of area of a material surface immersed 
án fluid, the force perpendicular to the surface of this small element 
be found, the sum of all such fores taken over the whole area of the 
surface is called the whole pressure or resultant thrust of the fluid 
upon the given surface. 

Consider any plane surface of area A immersed in a liquid in any 
“position, horizontal or inclined [Fig. 146(a)]. Suppose that the 
surface is composed of small 
elementary areas snch as di; 
Go, d5,...dn. Then tbe verti- 
cal columns of the liquid, 85 
shown in Figure 146(b) are 
standing upon the elementary 
areas, each contributing to the 
whole pressure on the surface. 
Let the depths of these surface 
below the free surface of the 
liquid be hı, ha, hs,- » Bn 
respectively. Then the thrust 
of the liquid column standing 
upon à; at adepth h, perpen- 
ae to the element of the 

h t S , , Surface is gPa,h,, where p is 
ee, mer b> shown 
resultant thrust is the sum of th ATE M e Benos, the 
f Hisl e individual thrusts. Thus : 
ole ince ud Mina T pP 
3 ihi Taaha t... t Gua). 
It ^ denotes the depth of the centre of gravity G of the surface 


- A below the free sg qu 
principles of ORN of the liquid, it can be shown from the 


Ah=a3hs Fasha +... dah; 
Hence, the whole pressure T= A 
0 e T= Ahgo. (110,1) 
; hy ^e bare ona it has been shown that the hee on & 
Friction e A at a depth h below the surface of & 


independent of Sie) tach the magnitude of the whole pressure is — 


Tmclination of the surface, provided that the 
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depth of the centre of gravity of the surface below the free surface 
of the liquid remains same, 


Centre of Pressure—If a surface be immersed in a liquid, the 
point, at which the resultant thrust on the surface acts, is termed 
the centre of pressure of the surface. When the surface is kept in a 
horizontal position within a liquid, the point of the surface, where 
a vertical line dropped from the centre of gravity of the liquid 
column meets the surface, is the centre of pressure. 


111. Hydrostatic Paradox—Since the total pressure on an area 
A immersed horizontally at a depth A in a liquid of density p is 
given by Ahgp, the thrust at the bottom of a vessel due to the 
liquid within it depends only on the area of the base and the 
height of the liquid column but neither on the total quantity of the 
liquid contained mor on the shape of the vessel. This can be 
demonstrated by Masson’s experiment, as described below. 

A, B, O and D are glass vessels, known as Pascal's vases each 
being open at both ends. They "b c A 
are of different shapes ‘and 
sizes ; but the base of each is 
of equal sectional area, so thati 
each one can be screwed to the 
same socket of the platform F 
(Fig. 147), A disc R, attached 
to one arm of the lever L, can 
press water-tight against the 
bottom of each vessel which 
can be screwed to the platform. 
At the other end of the lever is 
attached a scale pan B,-on 
which weights cau be placed. 
A pointer P slides along a 
yertical stand attached to the 


Fig. 147—Thrust on the Base 


platform and can be fixed at any height by a clamp. i 
Screw one of the vessels (say, A) to the platform and put suitable 


weights on the scale plan. Now slowly pour water into the vessel 
till the dise just gets loose and allows some water to fall down. Mark 
the height of the water by the pointer P, Remove the vessel A 
and repeat the experiment with another vessel. It will be found. 
that the water in i5 begins to trickle down when the height of water 

. in this vessel is the same as in the former one. The experiment 
shows that the thrust on the base depends on its atea and on the height 
of the liquid column but not upon the shape of the vessel. At first 
sight this appears inconsistent. That is the reason why the experi- 
ment is known as the hydrostatic paradox. 

Pascal (1623-1662) demonstrated hydrostatic paradox by a very 
simple experiment. A long narrow tube about 30 ft. in length, was 
fixed vertically to the top of a hollow stout cask, Water was gradually 
poured into the tube till the pressure became so high as to burst 
the cask. Although the quantity of water added was very small, the 
thrust at the bottom of the cask became equal to the weight of a 


Pt, 1/G—11 
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Feolumn of water whose base was that of the cask and whose height 
was equal to that of the water column from the bottom of the cask 
‘tothe level of water in the tube. 

(10}*112. Thrust at the Base—The resultant thrust on any surface 
immersed within a liquid depends upon the surface area, the depth 
of the centre of gravity of the surface below the free surface of the 
liquid, the density of the liquid and the acceleration due to gravity 
at the place of observation. Hence, if the position, shape and area of 
the base of the vessel containing a liquid are known, the whole pressure 
‘ab its base may be found from an observation of the height of the liquid 
Aeyvel within the vessel. For a horizontal base, the whole pressure upon it 


Fig, 148 Fig. 149 Fig. 150 Fig. 151 


is goAH, where H denotes the vertices! height of the liquid surface 
standing upon it. Consequently, if vessels of different shapes but 
of equal base area be placed so that their bases are horizontal and 
if all be filled up with a liquid to an equal level, the resultant thrust 
at the bases of all the vessels would be equal. In the preceding 
article this has been verified inthe experiment with Pascal's vases. 

Now consider a cylindrical base (Fig, 148). Up to a level LK let 
the vessel be filled with a liquid of density 9. Let G be the position 
of the centre of gravity of the base. Denote by H ‘the height of the 
free surface of the liquid above G. If the area of the base be A, the 
whole pressure (or thrust) T of the liquid column is gpAH acting 
perpendicularly to the surface area CD, as shown in the sectional 
diagram (Fig. 149). If the liquid within the vessel be steady, the 
base offers a reaction R which is equal and opposite to T. 

_ Imagine a horizontal plane surface XY (Fig. 150) to pass through 
the point G of the. base of the vessel extending up to the walls. 
Then the volume of the liquid within the vessel is equal to the 
volume KUXY, since the volume XGC =the volume YGD. Now 
the surface XY — Area of the base CD cos 0—4 cos 0. Therefore 
the yolume of the liquid — HA cos 0 and hence its weight W acting 
vertically downwards is g?AH.cos 0. 
^, Again, the base. reaction R may be resolved into a vertical 
component R cos 0 and a horizontal component R sin 0 (Fig. 151). 
But since R is equal to gPAH, we have on resolving the force 
System along the vertical and horizontal directions : 

4. .. B eos 6=gf.AH cos 0 and R sin 0—9P.AH sin 6, 
(ooo o P6, R cos 0— W and R sin 0=F, say. 


m Thus -the “vertical component of the base reaction supports the 


| Weight of the liquid, while the horizontal. component prevents the, 


i 
4 [e net 


£ 
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base from moving aside. Similarly, the weight W of the liquid 
together with the lateral thrust F of the liquid on the base of the 
vessel produces the resultant thrust T. If the shape of the vessel 
BCDE be as represented in Fig. 152, (the base OD being horizontal) 
and if the liquid is filled to a height H, the reaction R of the 
inclined part HK has got a vertical component, say V. The resultant 
thrust at the base of the vessel is the sum of the liquid thrust and 
the vertical component V. In this case also the thrust at the base 
exceeds the weight of the liquid. 

It is now easy to understand why in Pascal’s vases although 
masses of the liquid in different vessels are different, equal upward 
thrust maintains the same liquid height in different vessels. 


2 $ 
Fig. 152 Fig. 163 Fig, 154 Fig. 155 


Consider the uniform cylinder LODK with vertical walls (Fig. 158). 
The reaction of the walls is everywhere horizontal and has no 
vertical component. Hence the thrust at the base is only due to the 
weight of the liquid being proportional to the height of the column 
LC. When the vessel is wider at the open end (Fig. 154), consider 
a vertical column of liquid standing upon the base CD: The thrust 
26 the base is due to the weight of this column only. The two 
other columns on two sides of the vertical column are being sup- 
ported by the vertical component of the wall reactions and have 
nothing to do with the thrust on the base. For the vessel with a 
tapering end (Fig. 155), consider the column LODK, Clearly the 
thrust on the part OD of the base is due to the column of water 
standing upon it, The thrust on the parts LO and DK are partly 
due to the weight of water standing upon them and partly due to 
the vertical components of the wall reaction. The parts LO and KD 
in this figure are inverse of those of the preceding figure and con- 
sequently the vertical component of the wall reaction on LO or KD 
is equal to the weight of the column LCP or KDQ. Hence the 
thrust at OD is due to a uniform column of liquid with OD as base. 
If now the base areas be equal, the thrusts at the base of all the 
vessels due to liquids standing at equal heights are equal, although 
the actual quantity of liquid differs from vessel to vessel. 
Examples ; y 


1. The pressure at the bottom of a well is 9 times that at a depth of 2 ff, 
What is the: depth of water in the well, if the pressure of the atmosphere is 
"equivalent to 30 ft. of water ? (Utkal U.—1951) 
Ans. Let tho depth of water be AÀ ft, The pressure at the bottom of the 
,Well-gp(A4-30), where p stands for density of water in F. P. B. units, The 
pressure at a depth of 2 ft, 1s=gpx(30+2). Now by hypothesis, 9 gioa 
U^ 01^ gp(h--80) gp X2(3042), whenoe the desired height 7,194 tt, 
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9. A cube, each of whose sides is 20 om. is suspended In a liquid of density 
1'2 with its sides vertical and its upper surface at a depth of 80 om. below the 
free surface of a liquid, Find the thrust in grammes weight on each of its faces, 
(Neglect atmospherio pressure.) 

Ans. The upper surface of the cube is at a depth of 80 om. and so its lower 
surface is at a depth of 50 om, The centre of gravity of each of the vertical 
face is 40 om. below the suriace of the liquid. Therefore, 


the thrust on the upper surface= (20x 20x 80 X 12) gm.-wt.= 14400 gm.-wt. 

the thrust on lower surface=(20X20%50X1°2) gm.-wt.=24000 gm. wt. 

and thrust on each vertical face= (30 x 20x 40 x 1'2) gm.-wt.=19200 gm.-wt. 
3. A rectangle of length 7 and breadth b is immersed vertically in water with 
the side b on the surface of water. Calculate the thrust and the centre of pressure 
-on the rectangle, (Mad. U.—1950) 


Ans. The area of the rectangle- ib. If the density of water be p, we find that 
the resultant thrust due to the liquid=pxtxbxh, where } is the depth of O. G. 
below the free surface of the liquid. 


Now, as the rectangle is suspended vertically with the side b on the surface, 
it is evident that A=1/2, Thus whole pressure due to the liquid—p/?b/2. The 
centre of pressure on the lamina is at the point where the two diagonals of the 
rectangle meet, If the atmospheric pressure is taken into account, and if P be 
ae per unit area, the total air pressure- Pib which is to be added 

Pi . 


113. Transmission of Fluid Pressure—A change of pressure at 
any point of a liquid or a gas causes an equal change in pressure 
at all other points within it. The transmission of fluid pressure, a8 
given by Pascal’s Law, may be stated as follows: 


The pressure exerted anywhere in a mass of œ confined fluid is 
transmitted by the fluid in all directions, so as to act with undimi- 
wii ping Jer unit area and at right angles to the surface exposed 

j kd verify Pascal’s .Law in-the ease of a liquid we take a vessel 
with a number of openings of different cross-sectional areas a, b, c, d, 
etc., (Fig. 156), all 
of which are fitted 
with water-tight 
movable pistons. 
The vessel is 
completely filled 
with water and 
the pistons kept 
in position as 
shown in the 
figure. If any one 
of the pistons (say, 

Fig, 106 Fig. 157 the topmost one), 

inwards, all other pi ‘ j bə now pressed 
„pistons will be’ found t i 

srl "m pressure $s transmitted in all EH. otc 

x is à ihn Fi be applied on the piston whose area of cross- 

that 2 IM per unit area is F./o. It will 

"areas of cross-secti aintain the positions of the pistons on 

AE ong b, o, d......, additional forces Be, Fa, Fa 


D 
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are to be respectively applied to them, so that Fe/b, Es/o, F4/d,...are 
all equal. In othsr words, the pressure on each piston is the same. 
This shows that the pressure is transmitted undiminished in all 
directions. 4 

To verify Pascal's Law another simpler apparatus may be used. 
Two cylinders of sectional areas A and a respectively are connected 
with a pipe, the cross-section A being larger than a (Fig. 157). They 
are filled with water to some height and fitted with water-tight pistons 
P and p. Assume the pistons to be of negligible masses. 

On the smaller piston p, leb a weight w be placed. Then the 
pressure applied on this piston is given by p=w/a. This pressure is 
transmitted through the liquid to the larger cylinder and the piston 
P is pushed upwards. It is found that to maintain equilibrium, 
i.e., to keap P in position, a weight W is to be placed on this piston, 
so that 


w=44. Hence We 4. or, Wwe ‘ (118,1) 
a w a A a 

This shows that the force transmiited per unit area is equal. 
For example, if the cross-section a and 4 be 1 sq. om. and 50 
sq. em. respectively and if a mass of 1 kgm. be placed on the piston 
` p, & mass of 50 kgm. is to be placed on P for equilibrium, This 
illustrates the principle of multiplication of forces by transmission of 

fluid pressure. 


But the working of the apparatus does not violate the principle of 
conservation of energy. Ii L be the distance through which W descends, 
the work done by O is WL. If w ascends through J, then work 
done upon w is wl. For coming down through L, the liquid that is 
transferred to the narrow limb is LA which must be equal to Ja, since 
the liquid is incompressible. Therefore LA =la. 


or, Heb m from equ. (113,1) 
a L w 


or, WL=wl. ...(118, 2) 
So work done and work received are equal and conservation of 
the principle energy is verified. 


Examples ; 1 

A bottle of length 40 om. full of water with a bottom of 80 sq.om. area has & 
cork fitted to it, The cork has 1 sq. orm. asits area of cross-section and is pressed 
in with a force of n gm. wt. What is the total thrust on the tba tt : Son 

Ans. The total thrust at the bottom of the bottle is the sum of tbe thrusts 
due to water within it and the thrust due to the cork, The thrust due of atmos- 
phorio pressure is cancelled, because it acts at the bottom of the vessel vertically 
downwards as also upwards on the cork. 

The pressure due to the cork is transmitted undiminished to the bottom. The 
Pressure exerted by the cork=40 gm. wi. per com.?, Hence the thrust due to 
this at the bottom (pressure) x (area) = (40 x 80) gm.-wi. =1200 gm-wt. 

If the vertical height of the bottle be 40 cm., the pressure at the bottom due 
to water=40 gm. wt. pet om.?. Hanos the thrust due to water=30% 40 gm.-whe 

^. the total thrast=(1200+1200)=2400 gm.-wh 
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"114. Hydrostatic Bellows—The principle of transmission of fluid 
pressure is also illustrated by: the Hydrostatic Bellows designed by 
Pascal. It consists of a long glass tube O (Fig. 158) attached to 
stout India-rubber or leather bellows B. The bladder is placed on a 
table while the tube is held vertically. The bladder and part of the 
tube are filled with water. A piece of light board may be placed 
on the bladder, A heavy weight W placed on the board, can be 
supported simply by the weight of the column of water in the tube. 
The pressure exerted by the column of water in the tube is transmitted 
undiminished into the bladder and produces on the entire upper 
surface a vertical upward thrust proportional to 
its area, This thrust supports the weight placed 
on the board. The board is used for uniform 
distribution of the pressure exerted by the weight 
placed on the bladder. 

Hydraulic Press—The priaciple of multipli- 
cation of forces by transmission of fluid pressure 
is utilised in the working of a Hydraulic Press. 
This is used for exerting enormous force, as in 
compressing bales of paper, jute, cotton or cloth, - 
in extracting oil from seed, testing the strength 
of iron beams, in punching holes through metal 
plates, eto. 


It consists of two iron cylinders O and T 
communicating with each other through a stout 
metal pipe ( Fig. 159 ), the cross-section of C 

Ing many times larger than that of T. In each 
cylinder there is & solid rod R or P acting as 
the water-tight piston. The piston in T is worked 


corn 


me ETE 


<fresosmanice 


by a lever I, having the fulcrum at the end. Fig. 168 
The piston in C is a 
at its top. 


large iron ‘ram’ R which carries a platform 
Above the platform there is a fixed plate supported 
on iron pillars S. The object 
to be pressed is placed on 
the platform on R. A reser- 
voir filled with water (or 
any other liquid ) is in com- 
munication with the cylinder 
T through a pipe fitted with 
a valve V which allows water 
to flow only in one direction 
j from the reservoir to the 
dem í cylinder. There is another 

e zz valve V fitted to a side 
Fig. 159 tube to allow water to pass 


f $ only in one direction from 

me e quier to the bigger one when the piston P is worked. 

1773) ae th provement was devised by an engineer Bramah ( 1701- 
A th 9 press is, therefore, sometimes called Bramah’s Press. 

26 piston P is raised by the lever L, the value within the 
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side tube is closed and the inlet valve becomes open, whereby water. 
from the reservoir enters the cylinder T below the piston, If now: 
the piston is lowered, the pressure inside inereases, due to which the 

valve within the side tube is forced open and the inlet valve is 

closed. Consequently water passes into the cylinder O. Thus during 
each upward stroke of the piston a quantity of water is drawn. into 
T, and during the next downward stroke this water is pushed into 
the cylinder C. The pressure applied on the piston is thus transmit- 
ted to the water in C and produces on the ram R an upward. force 
which is many times greater than the force applied at the piston P. 


When the ram R is to be lowered, the tap K attached to the 
connecting pipe is opened, and water due to the weight of the ram 
is forced back into the reservoir. This tap must be ciosed before the 
press is operated. By closing the tap K the ram may be kept under 
a pressure for a considerable period. Let the areas of cross-section 
of T and C be « and @ respectively. To the end of the lever L 
apply a force F,. Ifthe thrust generated on the piston P be Fa, we 
find from Statics in the Chapter on lever that: 

Mechanical Advantage pay Bs ROE 

F, resistance arm 


= longer arm _ y F,-mE, = tF, 20 Ge (1141) 


shorter arm £2 
Let the total force generated on the ram be F's. 


Then y, = Ete É mF., by (1141) (114,9) 
Further the mechanical advantage of the machine 
as Lm D. esu .. (114,3) 
5 4 «m . 


We neglect here the effect of friction at different parts of 
the machine, So by applying a small force at the lever, we get 
a much larger force exerted on the ram, Thus if the longer arm of 
the lever be 10 times that of the shorter one and the area of 
cross-section of the larger piston be 100 times that of the smaller 
one, the force on the ram becomes (10 100)=1000 times the force 
applied at the lever, so that the mechanical advantage of the machine 
comes out to be 1000. 


As explained below, the principle of Conservation of Energy may 
be applied in this case. The decrease in the volume of water in 
T is evidently equal to the increase in the volume of water in 0. If 
the ram is raised through a distance zs and the piston in T is pushed 
down through z,, it is easy to see that Xr," 3. f 


mı b Es, whence Faw, = Fats. 2 (114,4) 
wa X. Pa 

Now work done on the smaller piston = Fors 

and work done by the larger piston=Fsrq. | 


From (114,4) it follows that the work done by the larger piston 
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is equal to that done on the smaller piston when frictional loss is 
neglected. This is according to the law of conservation of energy. 


Examples: 


1, The diameters of two pistons of a Hydraulic Press are lin. and 6 in, res. 
peotively. What multiplication of force will be produced ? (Del H. 8.—1949) 
Ans. By Pascal’s Law the pressure acting on the two pistons must be equal. 
Now forco-— (pressure) x (area | of cross-section), Let F, and F, be the forces 
acting on the shorter and the longer pistons of radii 0'5 in. and 8 in. respectively, 
Equality of pressures now gives 


F, NU F,_ «x3? 
FXO xg? VEC io ae 


2. The diameters of the pistons of a Hydraulic Press are 4 in, and 40 in, 
respectively. The shorter arm of the lever working the smaller piston is 8 in, 
and the longer arm is 4 ft, in length. Find the total force produced on the 
larger piston when a force of 75 lbs. is applied at the end of the longer arm of 
the lever, 

Ans. Let the effective force at the smaller piston=p Ibs, 

Then from Principles of leyer, p=75x4x12+8, so that p=4650 Ib. 

Now the areas of the cross-sections of the smaller and the larger pistona= 
ár sg. in. and 400r sq. in. respectively, 

Let the total force produced on íhe larger piston bez P Ibs, 

Consideration of equality of pressures we get the equation 

P 


50 
"rmn whenoe P=45000. Thus the required force is 45000 lbs, 


115, Conditions of Equilibrium of a Liquid— When a quantity 
of liquid is a£ rest, the following conditions hold good,— 


G) An elementary volume of liquid considered within the liquid 


is acted on by a vertical upward thrust which 4 et 
that elementary volume. which is equal to the weight of 


786. Thus the force is multiplied 36 times. 


- Were it not so, this element would have tended 
to move in the directi [ greater force and the equilibrium 
a . "This is contrary to the hypothesis. 

(i) The free surface of a liquid at rest in horizontal. 


Suppose, if possible, that the liquid surface AC it not horizontal, 


as shown in Fig. 160. Take two 
Points B and D in the same horizon- 
tal line within the liquid. Let the 
vertical depths of these two points 
below the free surface of the liquid 
be À and Ah. At D the pressure= 
n geh, and at B the pressure=n+ 
9PÀ', where x is the atmospheric 
Pressure. If W’ is greater than h, the 
Pressure at B would be greater than 
that at D. Now we know that liquid 
flows a ann pressure to a 

f supposition t erefore, an element 
move away from B to D and equilibrium would be 
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lost. This flow would persist in the direction BD s0 long as the 
pressures at B and D are not equalised. So for a stable condition, 
the pressures at B and D must have to be equal, i.e. the depths of 
the two points from the free surface must be equal. As B and D 
are on a horizontal plane, points A and C must then have to be on 
another horizontal plane, a& an upper level.* Since A and O are any 
two points on the surface, it proves that a liquid surface at rest 
remains horizontal. 

Equilibrium of a liquid in Communicating Vessels—When & 
liquid is poured into & number of vessels interconnected with one 
another, as in Fig. 161, then at rest the liquid stands to the same 
height in all the vessels, so that the free surface of the liquid in all 
tha vessels are on the same horizontal plane. Irrespective of the shape 
and size of the vessels this condition holds good. 

Ii a horizontal plane be drawn within the liquid, cutting all the 
vessels, the pressure at the points on this plane must be the same. 
As the pressure at any point depends on the depth of the point from 
the upper surface of the 
liquid, it shows that the 
pressure on the same 
horizontal plane must 
be the same. So the 
free surface of the liquid 
in different vessels are 
on the same horizontal 
plane. The fact is usu- 
ally expreased by saying 
that a liquid finds its 
own level. 


a narrow bottle or a test tube, the mercury occupies the lowest posi- 
tion, and the oil the topmost. 1t the liquids be well shaken, they 
appear to mix; bub on standing they se 


selves as before. iter wo 
Equilibrium of two different Liquids in a U-tube—If two liquids 


of different densities, which do not mix with each other, be poured. 
into the two limbs of & U-tube or any obher kind of communicating 
vessel, then for equilibrium the free surfaces of the two liquids do 
not generally stand at the same height. ABC is a glass U-tube (Fig. 
162), Pour mercury into the limb BG. In both the limbs mercury is 


*This can be verified mathematically as shown below. Since the pressures at 


B " t have: ; 
E D ars n that h! a Elementary geometry now asserts that AO 
must be parallel to BD. Since BD is horizontal, so also is AO, 


. . s not horizontal, the bubbl 
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found to attain the same level, Next pour into the limb AB a qui 
tity of a liquid, which does not mix with mercury. Let the comm 

surface of contact of the liquids stand at a 
while the free surfaces of the liquid and 
cury stand at A and O respectively. Let | 
horizontal plane through D meet the 
limb at R. 


Now the pressure at D is 7 t gpaJia 
the pressure at E is=m+gp,hı, where x is’ 
atmospheric pressure, he — ÀD, hy =CE and 
and p; are the densities of the liquid 
mercury respeobvely. 


Inasmuch as the pressures at E and 
are equal we derive  an-gp,hi- m gp 
whence piJi, =Poho. 


ni 
Ps 


hy Ps 
gu Hende neo ee (118 
This shows that for equilibrium, the heights of two liquid colu 
above the common surface of contact are inversely proportional 
their densities. Taking the liquids to be water (density=1 gm./c. 
and mercury (density —13'6 Em./c.c.), the height of the water 
column above the common surface is 13°6 times that of the mercuj 
column, when measured from the same level. 
116. Some Applications of Equilibrium 
following can he explained from considerations of t 
illustrations liquids. 
Spirit Level—This instrument is used to test the level, 4.6 
examine whether the plane surface, on which it is placed, is hor 


tal or not. It consists of a glass tube slightly curved and closed a 
both ends. The tube is nearly filled with spirit so as to leave room 
for a small bubble of air. Such bubble naturally occupies the hig 
part of the tube [Eig. 163(a)]. . The tube is mounted in a metal c& 


SNR 


Cir 
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E. i (a) Fig. 168—Spirit Level 1 

. With its convex side u the b fi i " 
Accurately plane. When the i S tedesca ee e ; 
horizontal surface, the air. 

Position between the two mark 

168(b) sh 
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different houses. Water runs down from the reservoir and in finding: 
its own level, it is likely to be available in all places at lower levels: 
than that of the reservoir. The ‘head’ of water; which means the 
vertical height of the water surface in the reservoir, thus furnishes the 
necessary pressure for the water-supply. But owing to friction of 
water against the sides of the pipes and the viscous resistance between: 
different layers, the water falls short of the expected height. 

It is to be mentioned here that for supply of water in Calcutta, water is fil- 
tered at Palta, 20 miles north of Oaleutta and is stored in Tala tank at a height 
of about 100 ft. above the level of the city. But even with this arrangement the 
required pressure is not available at all places. q 


EXEROISES ON CHAPTER VIII 
Reference 


1. Describe an experimental arrangement to show that water Art, 118: 
exerts pressure in all directions. (0. U.—1959) 

9. Obtain an expression for the total liquid thrust in absolute Arts. 
units on the plane horizontal bottom of a vessel containing a liquid 109 & 111 
and desoribe briefly an experiment io show that this thrust does not 
depend on the shape of the vessel. (P. U.—1962 ; O. U.—1960) 

8, Distinguish between Thrust and Pressure. Give the units in Arts. 
which they are expressed. (Of. Utk. U.—1964 ; Del. H. B.—1962) 109 & 110- 

4, Define pressure at a point within a liquid at rest and obtain Art, 109° 
an expression for it. : 

(0. U.—1959 ; Mad. U,—1960 ; Anna. U.— 1961 ; Gau. U.—1955) 

5. The density of sea water is 1'025. Find the presaure at a depth Art. 109: 
of 10 feet below tho surface (in pounds per square foot), given that one 
cubic foot of water weighs 62'5 lbs. 

LJ 


Ans. 640:624 lbs. per sq. ft. 
6. If we have a vertical pipe half inch in diameter and 100 ft. Art. 109" 
high, filled with water, what will be the hydrostatic pressure at the 


lowest end? What is the hydrostatic pressure at a point 100 ft. 
below the surface of water in a lake? In both oases, assume that the 


density of the water is 64 lbs. per on. ft. and express the pressure in 
lbs, per square inch. (P. U.—1959) 


Ans. 444 Ibs, per sq, in. in both cases. 
7. A hole, 6 inches square, is made in a lock-gate at a depth of Art. 109 
20 ft. below the surface of water. If the density of the water con- 
tained be 1'02, find the force that must be exerted on a plate to pre- 
vent the water from going out by holding the plate against the hole, 
given that 1 ou. ft. of pure water weighs 62°5 lbs. 


Ans. 322'675 lbs.-wt. 
8. A vertical tube 3 ft, long and having an internal diameter of ^ Art. 109» 
1 inch is filled with equal volumes of water and meroury. Assuming 
that weight of mercury is 18°56 times the weight of water, calculate 
the pressure in lbs. per sq. in. at the bottom of the tube due to the 
head of the liquid. Also, what is the weight of water in the tube ? 


Ans, 9'45 Iba,/sq. in, ; 0°61 Ib. 
9. A lock-gate is 95 ft. wide and the heights of water above the Art. 110» 
bottom of the gate on the two sides are 96 ft. and 13 ft, respectively. 
Find the resultant pressure and the height, measured from the bottom 
of the gate at whioh it acts, the mass of water per cu. ft, being 
64 Ibs. 
Ans. 9685 tons; 1011 ft. : ids 
10. Explain why the thrusts on the bases of Pascal's vases are Art, 112. 
not equal to the weight of the contained liquid. (Utkal, U.—1951, '64) 1 


-Art. 115 


Delkts 
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11. A hollow right circular cone of base diameter 20 om. and 
height 15 om. is completely filled with a liquid of density 1'2 gm./c.o, 
Find the mass of the liquid and the thrust at the base of the cone. 

Ans. Mass=1884 gm. ; thrust=5652 gm.-wt. 

12. State Pascal’s Law as to the transmission of pressure in a 
liquid. 

Describe the principle and action of a Hydraulic press giving a 
sectional diagram. (Utk. U.—1954 ; Del. U.—1960, "61; 
Del H. B.—1959; Pat. U.—1955, 62; P. U.—1955; Dao. U.—1954 5 
O. U.—1957 ; V. U.—1955) 

18. Draw a diagram showing the construction of Hydraulic 
Press. A force of 50 kgm, is applied to the smaller piston of such a 
machine. Neglecting friction, find the force exerted on the larger 
piston, tho diameters of the pistons being 2 om. and 10 om. 
respectively. (P. U.—1955) 


Ans. 1950 kgm.-wt. 


CHAPTER Ix 
ARCHIMEDES PRINCIPLE 
Resultant Thrust on a Body immersed in a Liquid—When 


:à body is immersed in a liquid, every point of its surface in contact 
with the liquid is subjected to a hydrostatic pressure. The pressure 
‘at any point is normal to the element of surface at that point and is 
proportional to the depth of the point below the free surface of the 


. liquid. 
fo move 


These pressures combine into a resultant thrust, which tends 
the body upwards. 


Imagine a rectangular block ABCD of asolid to remain immersed 


ina vertical position in a liquid (Fig. 164). The 
total liquid thrust on the block consists of (i) 
thrust on the vertical sides AD and BO and (ii) 
thrust on the horizontal surfaces AB and CD. 
The pressure at any point ona side is horizontal 
and i8 exactly counter-balanced by an equal 
and opposite pressure at the point on the 
opposite side in the same horizontal line. The 
horizontal forces due to pressures at all points 


Fig. 184 on the vertical sides are thus mutually neutra- 


lised. Only the vertical thrusts on the faces AB 


an OD are then to be considered. Let the depths of faces AB and 
" from the free surface of the liquid be / and A respectively, and 
=ne cross-sectional area of the face AB or CD Le «. 


Let the height of the b va i 
-ot the liquid e W e block be a so that % h+a, and the density 


and 


st, 


the thrust on AB=gpxh acting vertical 
i y downwards 
the thrust on OD=gp<h’ acting vertically upwards. 


Since jh, the upward thrust is greater than the downward 
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.. the resultant thrust on the block =gp%(h!—h)=gPaa acting. 
vertically upwards=weight of the volume ABCD of the liquid 
displaced by the block. 

Thus the resultant thrust on a body immersed in a liquid is equal 
to the weight of the volume of the liquid displaced by the body amd: 
it acts vertically upwards through the centre of gravity of this portion: 


liquid. Its magnitude is, therefore, 
of the liquid displaced. T 
centre of gravity 
of the displaced 
liquid, and this 
point is accor- 
dingly ealled the 
eentre of buoy- 
ancy or the 
centre of  floata- 
tion, Evidently, 
the buoyancy 
does not ordina- 
ril depend on 
the depth to 
which the body 
is immersed pro- 
vided that the 
density of the 
fluid does not 


change with 
depth. Nor does Fig. 165—Hydrostatic Balance 


it depend on the shape, mass or material of the body itself if the 
volume of the body does not alter with depth. It simply depends on 
the immersed volume of the solid and the density of the liquid displaced. 


Apparent Weight—As the weight of a body acts vertically down-: 
wards, the weight of anybody immersed in a liquid must appear less 
than its true weight. If the true weight of the body be W and the 
buoyancy by W’, the apparent weight of the immersed body is equal 
to (W-W). A body, therefore, appears lighter when immersed in & 
liquid. Thus it is easier to carry a heavy body inside water than 
when it is outside. i 

118. Principle of Archimedes—Long long ago & Philosopher of 
Syracuse in Sicily by the name of Archimedes (287-212: B.C.), while: 
taking his bath in a tub, felt that his weight appeared less in water. 
A meditation on this ordinary observation led to the discovery off 
the Principle stated in the following lines :— When a. body is immersed: 


ANAUBABAA IRAD IRIB ROAIT OMAR EULER LEE REL EAT LEN TAANA ALESE TUNE ULT t 
AMI MPa hl M Ul i 
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seither wholly or partially in a fluid ai rest, it appears to lose a part 
«of the weight which is equal to the weight of the fluid displaced. 

Experimental Verification of the Principle—To verify the 
‘principle stated above, take a hydrostatic balance. A hydrostatic 
‘balance is simply an ordinary balance with arrangements for getting 
‘conveniently the weight of a body in air and also when immersed in 
‘a liquid. In ome special forms, one of the pans is suspended by a 
-shorter frame and has a hook attached below, from which the body 
to be weighed can be suspended by a string. In the ordinary form 
‘an wooden bridge T (Fig. 165) is placed on the floor of the balance 
across one of the pans, so that a beaker containing the liquid may be 
placed on the bridge. (For experimental details vide J. Chatterjee’s 
Intermediate Practical Physics) 

Another simpler method of verifying the principle is as follows. 
"Take a solid cylinder, which just fits into the hollow cylinder B, 
so that the volume of A (Fig, 166) is exactly equal to the internal 
-volume of B. Suspend the cylinder B from a hook attached to one 
-arm of the balance and suspend A from a hook fixed to the bottom 
-of B. Oounterpoise the whole by placing weight on the other scale 
-pan. Now place an empty glass beaker D on the bridge C, so that A 
hangs within the beaker. Pour any liquid 
(say, water) into the beaker, till A hangs 
completely immersed in water. Ensure that 
it does not touch any side of the beaker. 
The equilibrium is found to be lost and the 
other pan goes down, showing as if A has 
lost some weight. Now pour water into B 
till it is completely filled. The equilibrium 
now is found to be restored, when the beam 
becomes horizontal again. 


Hence it is found that due to the upward 
thrust of waterthe apparent loss in the 
weight of A is exactly equal. to the weight 
of water completely filling B. As the 
volume of B is exactly equal to the volume 
of A, the apparent loss in the weight 
bi ap of Avis equal to the weight of water displaced 
! 8. by it. The experiment may be repeated 

with any other liquid and spring balance may be used instead of an 
ordinary balance. 

Apparent Loss—It is to be noted that the loss observed in the 
“weight of an immersed solid is only apparent. Thus, if the beaker 

containing the liquid is placed on the scale pan, there would be no 
change irrespective of the cylinder A being inside the liquid, or out- 
side. When the cylinder is immersed in the liquid, it experiences an 
‘upward. thrust which tends to raise the arm of the balance; but at 
petas vd M "dg eae as reaction a downward force on 
in beaker. As x i ; i 
eanna acit baai iuis Newtons Third Law of Motion the 


: S SKACHLY e posite to the. 
“balanos remains always in the sume condition, — 5 o Che 
UN (E 2 x i 


4 
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Now if finger be dipped into the water in the beaker, the pan 
carrying the beaker at once goes down. Here the upward thrust on 
the finger is taken by the hand ; but the reaction acts on the water 
and hence on the beaker, causing the pan to go down. Similar effect 
is observed by suspending a solid into a liquid from a support placed 
outside. 

119. Some Practical Applications of the Principle—The principle 
is utilised in the following cases: 

(1) Determination of Volume of Solid—The volume of a solid, 
heavier than and insoluble in water, can be easily determined in the 
following way. Weigh the body in air; let it be W gm. Then weigh 
the body, when suspended in water with a hydrostatic balance ; let it 
be W' gm. Let the density of the water be p gm. per c.c. Then 
the mass of water displaced by the solid is clearly (W — W’) gm. 


LOW sie on NI 


Hence, the volume of the displaced water= ^. 


which is equal to the volume of the body. In the O.G.8. system 
p may be taken to be 1 gm./c.c. Thus the volume of the solid 
becomes (W — W’) o.c. 
If weights are given in pounds, the density of water is usually 62'5 
W-W 
62:5 
Tae volume of a solid of irregular shape is usually determined by 
the above way. ,For example, suppose that the mass of a piece of 
stone is 52°12 lbs. in air and that is apparent mass in water is 
31°54 lbs. Then its volume come out to be {(52'12—31°64)+62'5} 
cu. ft. —0'33 cu. ft. 
(2) Determination of Density of a Solid—4As density is defined 
to be the mass per unit volume, the density p' of the solid is given by 
' _ mass QW-W. We 
P = volume e p w-w" 
If expressed in C. G. S. units, the density p' of the solid 


cu. ft. 


Ibs. per cu. ft. and so the volume of the body equals to 


WW: gms. per c.c, taking p 1. 
If expressed in E. P. S. units, the density p' of the solid 
Wy ron Ibs. per ou. ft. .. (119,9) 


For a specimen of stone whose mass in air is 52°12 lbs. and mass j 
in water is 3104 lbs. its density in the F. P. S. units from the data 
supplied comes out to be 253 x 62/5 lbs. per cu, ft. and in the C. G. S. 
system it is simply 2'53 gms./c.c. 

Examples ; 

A crown made of gold and containing silver as impurity welghs 200 gm. 
When it is dipped in water, it weighs 185 gm, Find out how many grammes 
of gold and silver are respectively present in the crown. Given density of gold 
719'8 gm./o.c. and that of silver=10'3 gm./c.o. [Vis. U.—1954] 

Ans Let the quantity of silver in the orown be c gm. Then the quantity 
of gold present i (200-7) gm. The volume of gold is its mass divided by 


i 


| 
Jj 
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density and is therefore (200— 2)/19'8 c.c. Similarly the volume of silver is 
@/10°3 0.0. 


Thus the yolume of the orown - (557 4555 0.0 


When dipped in water, the crown would displace its own volume of water 
and the yolume of displaced water would have a mass by Archimedes principle, 
mal to the difference of the masses of the crown in alr and in water. The 
difference of masses is (200-185) gm. =15 gm. Since 1 oo. of water weighs 
1 gm, we have eS f49g7 1^ whence the quantity of silver 210248 gm. 
Bo the quantity of gold (200 — 10248) gm.=97'67 gm. 


` 120. Equilibrium of Immersed and Floating Bodies—When a 
body is immersed in a liquid, it is simultaneously subjected to the 
forces—(i) the weight W of the body acting downwards and (ii) the 
buoyancy W' of the displaced liquid acting vertically upwards 
through the O. G. of the displaced liquid. The equilibrium of the 
body depends upon the relative magnitudes of the two forces. 
Consequently three cases may arise, according as the weight W is 
greater than, equal to, or less than, the buoyancy wW. 

(D It W>W’, ie., if the weight of the body is greater than the 
vertical upward thrust, the body sinks. The weight of the body is 
jn this case greater than the weight of an equal volume of the 
liquid. This means that the body is heavier than the liquid. This 
js the case with a piece of stone or iron sinking in water. 

(2) If W=W’, ie, if the weight of the body is equal to the 
vertical upward thrust, the body floats completely immersed and may 
remain in equilibrium at ary position within the liquid. Evidently, 
the density of the body in such & case equals that of the liquid. 
For instance, a drop of olive oil may stand anywhere within à 
mixture of equal quantities of water and alcohol. 

(3) If W<W’, ie, if the weight of tbe body is less than the 
vertical upward thrust, the body floats parily immersed in the liquid. 
Here the body is lighter than the liquid. Such is the case with a 
piece of cork or wood floating on water, or with iron floating on 
mercury. In a case such as this, the weight of the body is clearly 
less than that of an equal volume.of the liquid. 

The last case gives the condition under which a body may float on 
a ligüid. So the conditions of equilibrium of a floating body are— 

(i) The floating body must displace a volume of the liquid, whose 
weight is equal to the weight of the body itself. 


(ii) The O. G. of the body and the C. G. of the displaced liquid 
must lie on the same vertical line called the central line of the body 
and, in general, the former is above the latter, The centre of gravity 
of the displaced liquid is called the centre of buoyancy. In the case 
of a body floating just completely immersed, the C. G. of the body 
should be vertically below the centre of buoyancy- 


Metacentre—Consider a body floating in equilibri i 
quilibrium (say a ship 
floating on an even keel). As already stated, the O. G. of the ship 


and the centre of buoyancy lie on the same vertical line, the former 
À g above the latter, If the body is now displaced (e.g, when the 1 
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ship heels over), her C. G., and the centre of buoyancy are both displaced. 
in the direction in which the body leans, The point, where the vertical 
line through the new position of the centre of buoyancy intersects 
the central line of the body, is called the metacentre of the body. 

The equilibrium of a floating body is stable or unstable, according 
as the metacentre is aboye or below the O. G. of the body. When 
the two coincide (as in the case of a floating spherical body), the 
equilibrium is neutral. By putting ballast in the ship, her O. G. is 
kept below the metacentre so as to have an increased stability. 

The freshness. of an egg is sometimes tested by dippirg it in 
ordinary water and then in a strong solution of brine. If it ficats 
on brine but sinks in water, the egg has density intermediate 
between the two liquids and it is fresh. If it is rotten or other- | 
wise, it floats on water. A fully loaded boat on sea is to be partly 
unloaded for safety before entering a river of fresh water. 

121, Application and Illustrations of the Principle of 
Floatation—The following cases furnish some illustrations of the 
principle of fioatation. 

Floating of Ice on Water—Water on freezing into ice increases 
in volume, such that 11 volumes of water at 0*O become 12 volumes 
of ice at the same temperature. Hence, the density of ice is less 
than that of water and so ice floats on water. 

From the principle of floatation, therefore, it follows that, 

volume of ice under water. 11 
total volume of ice 12 

Hence a mass of ice will float on water with 13th of its volume 
under water snd ouly yth volume exposed. The density of sea 
water is about 1'08 and so an iceberg floats on sea water with only 
one-ninth of its volume exposed. Again, glacier ice is somewhat 
porous and so it is lighter. An iceberg from a glacier floats on sea 
water with about one-seventh of its volume exposed. : 

Floating of a Ship—A solid heavier then a liquid may be given 
a suitable shape as to float on a liquid. The shape of the body 
would have to be such that the weight of the liquid displaced by 
the immersed portion of the body is equal to that of the body. 
Thus a porcelain saucer or an iron cauldron floats on water partly 
immersed, for owing to its concave shape it displaces sufficient 
water to make it float. å 

Tho body of a ship is constructed with iron plates; but owing 
to its concave shape the interior is hollow. Even when partly 
immersed, it can therefore displace 8 volume of water whose 
weight is equal to the weight of the ship with her contents. Hence 
the ship floats. If the ship is loaded more, she is depressed further 
in water to make the upward thrust due to the newly displaced 


volume of water equal to the additional ond. : Ree ve 
To carrying capacity of a ship is represented by her onnage. thip, whose 
tonnage ia 750,000 Leni can cane this mass of load. It is to be noted that for 
the sake of safety there skould be a suitable msrgin in the loading of a ship and 
sufficient free board must be left above water line, It has now been legalised 
that every ship should bear a mark called the Plimsol Line which indicates the 
limit to permissible immersion. f . 


Pt. 1/G -12 
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Bodies heavier than water can also be made to float by attaching 
- lighter bodies of suitable size, This explains the working of life-betls, 
life-buoys, etc. A life-belt consists of a hollow air-tight tube floating on 
water. When a person tries to swim with its help, it sinks a little 

- further to counter-balance the weight necessary for the man to float. 


Swimming—The human body is lighter than water ; but the head 
is heavier. So the dead body of a human being floats with head 
leaning downwards. In swimming, therefore, we are to keep the head 
up by movements of the limbs, which produce sufficient reaction up- 
wards to keep the body afloat, For a beginner his body may be 
attached to a life-belt. It is easier to float on water after taking & 
deep breath, since being inflated by air, the lungs like a life-belt help 
the man to float. As sea water is heavier than river water, the 
immersed portion of the body would experience greater upward thrust 
in gea water and so it is easier to swim in sea water than in river 
water” In the case of quadrupeds, the front part is lighter than the 
hind parts and so they swim naturally with head on water. Birds, 
such as duck, swim easily owing to the thick layer of impervious 
downs on the lower parts of their bodies. 


122. Cartesian Diver— The different kinds of equilibrium of a 
body floating on a liquid as well as the principle of transmission of 
fluid pressure can be strikingly demonstrated by a well-known hy drostetie 
toy known as the Cartesian Diver. It isso called after its inventor 
Bene Descartes (1596-1650), who devised it to illustrate the principle 
of Archimedes. The diver consists of a small hollow porcelain doll 
with a small tubular tail in communication with the inside.and 
open at the end (Fig. 167). It is placed in water within a glass jar, 
the top of the jar being closed air-tight by a sheet of rubber. The 
doll is hollow within and is filled partly with air and partly with 
water, Its mass is so adjusted that it floats with a very small part 
exposed. In some cases the doll is solid and is attached to a hollow 
ball with a small aperture at the bottom 
(shown separately in the diagram ), so 
that the two together float in equilibrium. 


Now if the rubber sheet is pressed, 
the diver sinks down, But on releasing 
the pressure the diver rises again to the 
surface. By regulating the pressure the 


toy may be made to remain stationary 
at any level. 


Explanation—When the rubber sheet 
is pressed, the air enclosed within the jar 
above water is compressed. This pressure 
is transmitted through water to the 
air inside the diver. The air is thus 
compressed to a smaller volume, due to 
which an additional quantity of water 
enters into the body of the toy through 
the opening in the tail and makes it 


Fig. 167—Cartesian_Diver 
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heavier than the water displaced. Hence the toy begins to sink. 
When the pressure on the rubber sheet is released, the air inside the 
toy expands again and drives out the additional water. The toy thus 
become lighter than the. displaced water and floats in consequence, 


It should be noted that as the diyer goes down more and more, 
water is forced into the inside owirg to increased liquid pressure. 
If the toy could be forced to such depth that owing to the large 
liquid pressure at that region the inside air is reduced to avery small 
volume, the toy would not rise up even when the pressure on the 
rubber sheet is removed. Most fishes haye an air-bladder below the 
spine and by dilating or compressing it, they can rise up or dive in 
water at pleasure, 


Submarine—The modern submarine works on the principle of a 
Cartesian Diver and may, therefore, be regarded as ship with variable 
and controlled mass. It is provided with several large ballast tanks 
T (Fig. 168) in the bow, middle ard stern of the ship. These are 
fitted with valye or trap doors. Through these openings water can 
be admitted into the tanks. When the submarine requires to be sunk 
below the liquid surface, the requisite amount of water is drawn into 
the tanks, so that the ship becomes slightly heavier than the displaced 
water and she goes down. On the other hand, for rising to the 
surface, the water is forced out of the tanks by powerful pumps 
worked by compressed air, whereupon the ship becomes lighter than 
the displaced water and she rises to the surface. 


$ 3 T 
Fig. 168—Principle of a Submarine 


The operation of filling or emptying the tanks may be done 
swiftly. Beside the vertical steering rudder there is a horizcntal 
rudder and by suitabiy tilting these, the ship may be kept at any 
desired depth. The periscope is fitted to the conning lower © and 
remains akove the surface of water for getting view of objects on’ ox 
above the surface of water, 


Examples : 


l. A hollow spherical ball, whose internal and external diameters are | 
8 ems, and 10 poe is found just to float in a liquid of specific gravity x 5. 
What is the specific gravity of the material of the ball? (0. D i 

dns, When the ball just floats, it displaces its own volume of liqui : e 
external radius is 5 c.m. Hence, the volume of the ball= (4v X5?) c.c.— 528'6 c.c. 
which for equilibrium equals the volume of liquid displaced. 

The mass of this liquid=623'6x1'5 gm.=mass of the ball. dri Mi 

iu 8 bs the specific gravity of i ewer of the ball, the mass e 
=\8p. gr.) X (vol. of the material of the ball), 

Now ine Sere of the material of the ball={r(5*-4*) c.c. Hence, we get 
$vs(5* — OLI X b* X1'5, x 
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or, X a 08. This determines the required specific gravity. 

9, Two bodies are in equilibrium when suspended in water from the arma 
of a balance, The mass of one body is 28 gm, and its density is 5'6. It the 
mass of the other is 36 gm., what is the density ? (Pat. U.—1956) 


Ans, Lot the required densi‘y ba p gm. per 0.0, 

Now the apparent weight of the first body = {28 - (28--56)) gm.=23 gm. 
and the apparent weight of the second body =(86—36/p) gm. 

Since the apparent welghis of the bodies are equal, we must have 


35-53-09, whence p=2'77. Thus the required density is 2°77 gme.[o.o. 
3. Bhow that a hollow sphere of a metal of radius R and of specific gravity 8 
will float on water, if the thiokness of its wall is less than R/98. (Nage U,—1953) 
Ans. Tet. the thickness of the wall for which the hollow sphere can just float 
ba x. Evidently, it the thickness bo less than z, the mass of the sphere would 
be less and it would float with a portion of it above water. 
Now the volume of the material part of the sphere=(volume of the outer 
aphere)—(volume of the hollow part of the sphere), 
=4 eR? -r(R- 2)* -je[8* - (R7 2)*1 
Farther, its masse ds[à (R - 2*3. 
For the sphere just to float, the mass of water displaced 1s FeR". 
Hence the eqnillbrium we have, $z[R?—(R—c)*]S={eR’, 
or, x[i- 1-2)"] 2B. - [Ez* m m 
f, 4 ( B S=R°, or, 1 R a 
or, BS-(-i)2e-u very approximately, by Binominal Theorem. 


R 
or, «== 
4 ] 38' 


For the sphere justto float, the thickness of the wall is, theretore,= 


If the thickness be less than, tha given sphere floats at ease. 


4. A body of density à is dropped gently on the surface of a liquid of 
density 5^ (a) being less than 3), Show that it will reach the bottom of the 


liquid atter a time 4/ S where g is the acceleration due to gravity and 
d is the depth of the liquid, (Pat, U.—1901) 
Ans, If the mass of the body be m, its volume -m[5. 


., The upward thrust due to the displaced liquid =" x t'g. 


Bo the resuitant downward force on the body within the liquide mg- 7x09 
= .v j 
m ( Jr 


Henee the acceleration f of the body, while going down= (i- £y. 


t Since from the surfa 
by coach Ha ara a fue EUM liquid the body starts from rest, the time é t0 
d= MP, or, de 3g (1-1) Ü, whence t=A/ 2d5 
90-0 


E 
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To work ont this sum, we have ‘assumed that while the body is being 
accelerated down in water, it experiences no retarding force due to viscous 
friction. Such assumption is not, however, correct. 1 s 


EXERCISES ON CHAPTER IX 


Reference 

1. State Archimedes principle and show how it can be verified . Art, 117 
experimentally. Nag. U.—1961; Of. Rej. U.—1958 ; Utkal 
U.—1959 ; Gau. U.—1962 ; C. U.—1958) 

9. Bhow how Archimedes principle can be applied to find the Art, 119 
volume of a solid. (0. U.— 1959) 


8. The crown of Hiero weighed 20 lbs. Archimedes found that Art, 119 
1tlost 195 los. when immersed in water, The crown was made cf 
gold and silver. Find the weight of the metale, (Sp. gr. of gold 
=19'8 ; sp. gr. of silver- 101) (Dac. U.— 1951) 


Ans. The wt. of gold 15'078 lbs,; that of silver 4922 lbs. 

4, State and explain the conditions of equilibrium of a floating ` Arb, 190° 
ody. (Gau. U.-1952 ; Del. H. 8.—1961; ©. U.— 1957 ; 
P. U.—1957; U. P. B.—1961; Raj U.—1955; Nag. U.—1964) 


b. A plece of iron weighing 972 gm. floats on mercury of Art. 120° 
density 186 with 4th of the volume immersed. Determine the : 
volume and density of iron, (Dac, U.—1957 ; 0. U.—1950) 

Ans. 92 c.0,; 8'5 gm. per c.c. 

6. A piece of paraffin wax of density 0°9 gm./oc.o. floats on water. Art. 120: 
A layer of turpentine of density 087 gm./c.c. is added on the top 
oi water until the wax is entirely submerged. Find the ratio of 


the volume of wax immersed in water to that in turpentine, 
(Nag. U.—1954) 
Ans. 8:10. 
7. 52 gm. of an alloy of two metals of specific gravities 8 and Art, 120° 


12 respectively is found to weigh 46 gm. in water, Find the masses 
of the metals in the alloy. (Uvkal U.—1961) 
Ans. 40 gm,; 12 gm. ; 
8. A hollow sphere made of glass ball just only sinks in Art, 191- 
methylated spirit of specific gravity 0°8. It floats on sulphuric 
avid (specific gravity=1'8), Explain why this is so and calculate 


the portion of the volume of the sphere immersed in the acid. 
(0. U.—1958) 


Ans, 0°44 of volume (nearly). : 

9. Two pieces of metals are suspended from the arms of a Art. 12k 
balance and are found to be in equilibrium when kept immersed 
in water, The mass of one plece is 32 gm. and its density is 


8 gm./co. The density of the other is 5 gm./co. What is its 
mass ? (0. U.—1959) 


Ans, 85 gm. 


10. A raft Is constructed of four empty barrels lashed together, Art. 121 
and planks weighing 40 Ibs. are placed on them. It the barrels be ; 
regarded as approximately cylindrical and if the height, radius 

and masa of each be respectively 4 ft, 1'5 ft. and 50 lbs., find the 

load that the raft can carry. (1. ou. ft. Of water weighs 62'6 Ibs.) 


Ans, 6865 lbs, (nearly). 


1l. A wooden sphere of radius 1'0 cm. sinks in water, On Art, 191 
coating it with a layer of 8 mim, of wax of uniform thickness 
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Reference 
- and of density 0'8 gm, per 0.0., it just floats. What is the density 
T of wood ? 
Ans. 1°24 gm.[o.c. 
Art. 121 12. A block of ice (sp. gr.=0'91) floats in a vessel of water 
filled up to the brim, What fraction of the volume of the block 


will be above the surface of water? Desoribe and explain the 
changes taking place when ice melts. (U. P. B.—1941) 


Ans. '09 of the volume, 


Arb. 122 18, A pontoon with perpendicular sides has a rectangular base 
90 yds. by 10 yds. and is loaded so that the base is submerged to 
a depth of 5 tt., 4 ft. of the pontoon remaining above water. It 
commences to leak, taking In 10 gallons of salt water per minute. 
How long will it be before it sinks? (A gallon of salt water 
welghs 10'8 lbs.) 


Ans, 11296 hours, 
Art, 121 14. Desoribe the Oarteslan Diver and explain how it aots. 


Do you know of any modern appliance which is based on this 
principle ? 


Art. 122 15. Asolid body floating on water has one-sixth of its volume 
above the surface. What fraction of its volume will project, if it 
floats in a liquid of specific gravity 1'2 ? 


Ans. ji. 


CHAPTEB X 
SPECIFIC GRAVITY 


128. Specific Gravity —If equal volumes ot different substances 
are weighed, they are found to have different masses, Thus, if two 
cubes of the same size, one of marble and the other of iron, be taken, 
the mass of the latter is found to be about three and a half times 
greater than that of the former. The specific gravity of a substance 
indicates how much a given volume of the substance is relatively 
heavier than an equal volume of a standard substance. 


The specific gravity of a substance is the i igh 
| ratio of the weight of 
Ew of tie substanca to the weight of an equal eie of some 
E ar oea In measuring the specific gravities of solids and 
ice, e Hs 3: pce bt cited is taken to be water at 4°C, whereas 
is 7 A 
greg ‘ydrogen at N.T.P. f^ normal temperature 
4. the Posts Gravity (sp. gr.) of & substance 
= Weight of any volime of the substance 
weight of equal volume of water at 4°C 


vo 
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Since the mass of a body at a given locality is proportional to 
its weight, the specific gravity of the body is then 
mass of a volume of the, substance 
mass of an equal volume of water at 4°C 
mass of unit volume of the substance 
mass of unit volume of water at 4°C 
. density of the substance 
density of water at 4°C 


Hence the specific gravity of a substance is often called its 
relative density. Tho specific gravity is a pure ratio; and so it 
has no dimension. 

Density and Specific Gravity—As already stated, the density of 
a substance is defiaed as its muss per-unit volume and so it has 
some unt}, whereas the specific gravity, boing a ratio, is a pure number. 


It S be the specific gravity of a substance, p its density and p 
the density of water at 4°C, then from the above relation p’=Sp. 
In the C.G.S. system of unit p=1 gm. per c.c. ; so the density p’ of 
the body=8. Hence the specific gravity of a substance in C.G.S. 
unit is numerically equal to its density, In B.P.S. unit, the density p 
of water = 62°48 Ib. per cu. ft. at 4^O, and so the density p of the 
body =(62°43 X S) lb. per. cu. ft. Or, in other words, the density of 
a substance in the F.P.8, unit is numerically equal to 62°43 x its 
specific gravity. 

For example, in O.G.S. unii the deasity of mercury =13'6 gms. 
per o.c. and so the specific gravity of mercury =13°6+ 1 —19'6. 

Again, in the F.P.S. unit, the density of mercury —13'6 x 62°43 Ib. 
per cu. ft., so that the sp. gr. of morbu ales Sas oe 5 43 2196. 

Thus the statement that the specific gravity of mercury is 136 
merely means that a certain volume of mercury is 13°6 times heavier 
than an equal volume of water at 4°C, whatever be the unit of 
moasurement of the volume. 

: Temperature Correction—In determining the Specific gravity of 
a solid or a liquid, water at 4'O should be taken as the standard 
substance for comparison. But water, usually available in the 
laboratory, has a temperature higher than 4°C. As the mass of unit 
volume of water at any other temperature is different from that at- 
4'O, a correction for this is necessary. Let the temperature of water 


used in the experiment be °C. 


her! ihe observed’ sp! Er = mass of 1 c.c. of & substance 


mass of 1 c.c. of water at tO 
Bub the true 8p. r, = 9A88 of L c.c. of the substance 
mass of 1 c.c. of water at 4°C 
mass of 1 c.c. of the substance „ mass of 1 c.c. of water at °C 
mass of 1 6.0. of water at tO mass of 1 o.c. of water at TG 
=obierved specific gravity X density of water at UO, | 
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_ The variation in the density of water for a moderate change of 
temperature is very small. So unless great accuracy is 1equired the 
temperature correction need not be taken 
into account. 


124, Determination of the Specific 
Gravity of Solids—It is now evident that 
in measuring the specific gravity of a golid 
or liquid substance, by any method, We 
are to determine (1) the mass of a certain 
volume of the substance, and (2) the mags 
of an equal volume of water, The specific 
gravity of a solid may be determined by 
any one of the following methods : 


(1) By Hydrostatic Balance—The 
Hydroitatic Balance has already been 
described in Art. 118. (For further details 
= vide J. Chatterjee’s Intermediate Practical 
Fig. 169 Physics.) 


(e) Solid heavier than, and insoluble in waier—Take a suitable 
piece of the solid. Suspend the solid by a fine thread (Fig. 169) from 
the hook of the balance pan and weigh it. Then place a bridge on 
the table aboye the pan without touching it. Slide a beaker over the 
bridge, so that the body hangs freely within it without touching the 
walls. Now slowly pour water within the beaker, so that it hangs 
completely immersed in water, Then Weigh it in immersed position. 

Let the mass of the solid in air =W 
and the mass of solid in water =Wi 

Then the mass of water of the same volume as the solid 

S ; =the upward thrust on the solid = W — Wi 

Hence, the required specific gravity S of the solid 

slate EW we (1241) 
W-W; (r 
_ If the temperature of the water be t"O, the corrected specific 
gravity =S x density of Water at (0. ==> 
- (6) Solid lighter than, but Insoluble in water—As a preliminary 
observation tie the given body with a small heavy unaffected by 
Water so that the two „together sink in water. The heavy body so 
Used is called a sinker. Take a suitable piece of the given solid and 
. Weigh it in air. Then, with tho solid still om the pan, suspend the 
Sinker in water from that arm of the balance and counterpoise the 
combination with necessary Weights. Next fasten the solid and the 
Sinker together, suspend them in water and weigh them, 


* : TW 

pe NA fa Ss in jair with the sinker in water =W, 
and mass of the solid and the sinker, both i = 

oe mass of the solid in air— mag ni ur 


8 of the solid in water =Wi-Ws 
Hence the specific gravity § of the solid =~ W 


£5 ; wow, oe (1242) 
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If the water be at ¢°O, the corrected specific gravity 
=9 xdensity of water at 190. 
for lighter bolies Wi — Wa is greater than W. So S is less than unity. 
(c) Solid Soluble in Water—In this case take some liquid, in 
which the body is not soluble. Then by the previous method find 
tho relative density of the body with respect to this liquid. Let the 
relative density be Sı. Then measura the specific gravity of this 


liquid with respect to pure water. (Sze the following Article.) Let , 


the specific gravity of the liquid be 8,. Then the true specific gravity 
S of the solid is equal to the product of 81 and S4 as shown below :— 


,. weight of volume V of the solid 
Bp, Gr. Bof Me NM weight of volume V of water 
Weight of vol. V of the solid , weight of vol. V of the liquid 
weight of vol. V of the liquid weight of vol, V of water 
.. §=Relative density of the solid with respect to the liquid 
x Sp. gr. of the liquid =$, X 8s ijs ids L3) 
For example, take & piece of alum. Find its density 81 relative to 
the kerosene and then find the specific gravity So of kerosene. Then 
the specific gravity S of alum — 8i XBa. (For experiments with a 
Hydrostatic Balance, vide J. Chatlerjee s “Intermediate Practical Physics.) 
(2 By Hydrometers—The Hydrometer works on the principle 
of floatation and is so constructed that ib can float vertically in a 
liquid. Various forms of the instrument may, by the method of its 
working, be classed under the following two heads : ; 
(1) Constant Immersion Hydrometer - 
and (2) Variable Immersion Hydrometer. : 
Nicholson’s Hydrometer—It consists of a hollow metal cylinder 
A (Fig. 170) ending in two cones. One of these is connected by & 
short thin stem O to a pan B above, while the other end is connec- 
ted to a conical hollow closed pan D. The pan D is so weighed 
inside with lead shots that the instrument may float vertically 
in a liquid. There is a mark on the upper stem, which remains 
a little above, when the instrument floats on A liquid. During an 
experiment, the hydrometer is always made to sink up to this mark. 
It is, therefore, a type of a constant 
immersion hydrometer. 

. Float the hydrometer in water con- 
tained in a tall and wide glass jar, so that 
it does not touch the side of the jar (Hig 
171) A bent piece of wire is sometimes 
placed round the stem © across the 
mouth of the jar to prevent the 
Instrument from sinking too much. Place 
Suitable weights on the upper pan Bto 
sink the hydrometer up to the mark 
and note the weights, Remove the 
weights. Now place on B ® suitable 
Piece of the given solid and add weights 
on B to sink the instrument again up to Fig, 170 | Fig, 171 
th marks Since da both tho oases the hydrometer sinks to the sama 


one " 
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extent, the downward forces on the upper pan must be equal. In the 
former caso, it is the weight of the ‘weights’ placed and in the latter 
ease, it is the weight of the body and some weight together. Hence, the 
difference between the two weights gives the weight of the solid in air. 


Next place the solid on the lower pan in water. If the solid is 
lighter than water, tie the solid with the lower pan with a thin 
thread. Now place ‘weights’ on the pan B in order to allow the 
instrument to sink up to the mark. Note the total weight on B, 

Let the weight to sink the hydrometer up to the mark = W 

and weight to sink, when the body is on the upper pan = W, 
and also weight to sink when the body is on lower pan=W, 

Then the weight of the solid in air=W- W, 

and weight of the so'id in water -mW-Wi;. 

Hence, the weight of water displaced by the solid 

z(W-W)-(W-W;!-W;-W, 


= 1 W-W 
ov th . gr. -— — ...(194,4 
the sp. gr. 8 of the solid W.-W, (124,4) 


Temperature correction may not be necessary here as the experi- 
ment is not so accurate, 


(3) By Specific Gravity Bottle— Tho method is specially suitable 
for finding the specific gravity of a solid given in the from of powder 
or Small fragments, Y 

The specific gravity bottle consists of a small flat-bottomed glass 
bottle, having a narrow neck (Fig. 172). It is carefully fitted with a 
ground glass stopper having a capillary bore running through its 
length. It the bottle is filled to the brim with any liquid and the , 
stopper is then carefully inserted, the excess liquid escapes through 


the hole in the stopper, thus leaving the bot-lo completely filled with 
the liquid. : 


. Clean the bottle and dry it carefully. Weigh the empty bottle 
in & balance. Then put the solid inside the seni &nd weigh again. 
If the solid isa lump too big to go into the bottle, 
crush it and introduce one or two chips of the 
specimen into the bottle. The difference between 
the two weights gives the weight of the solid put 
into the bottle, Now fill the bottle completely with 
water and replace the stopper carefully, so that 
no air bubble sticks inside. Wipe off any liquid 
that oozes out and weigh again. Next pour out the 
contents of the bottle, wash it thoroughly and fill 
it completely with water, Wipe the outside dry 
and weigh again. 
Let the mass of the empty bottle = 
The mass of the bottle with rele inside wow 
he mass of bottle+ solid and water to fill it 
Big. 172 and mass of the ith "n 
pM ied bottle with water to cu 
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.. mass of the solid in air =W- Wi 
and mass of bottle completely filled with water + mass of the solid 
- Wa + Ws Xs: Wi. 
Hence the mass of water of the same volume as the solid 
=W.a- Wst Wa- Wi 4 
Hence the specific gravity S of tho solid = >i WOM 
Wa ba Ws + Ws TA Wi 


(194,4) 
For a powder soluble in water, use a liquid in which the solid is 
not soluble and proceed as usual. The specific grvity Sı of the 
solid with respect to this liquid is thus obtained. Next determine 
the specific gravity Sa of the liquid with respect to water. Then 
tho specific gravity S of the solid is given by 8-98; X Ss. Usual 
temperature correction may, however, be made as this method is 
accurate. 


(4) By Floatation—I! the solid is lighter than, and insoluble in 
water and if it is obtained in a regular form (¢g., a cube or a 
cylinder ), the specific gravity can be readily determined by the 
method of floatation. This is just a principle and is not used practically. 

Measure the height and the cross-section of the solid. Let these 
be ¿Z om. and 4 sq. cm. respectively. Float 
the solid on water and mark the height exposed 
(Fig. 173 ). -If the density of water be p, the 
density of the solid is Sp and its mass is 
ixSp. If the height immersed be h, the height 
exposed is (l-h). 

Hence the volume of water displaced — A«. 

So the mass of water displaced -h«P. 


For floatation, (482 —hX? whence s-+. ; ...(124,6) 


Fig. 173 


Example : 


A weight at a distance z from the fulorum in one arm of a lever balances & 
solid suspended from the other arm in air. When the solid is immersed in 
water in a beaker placed under it, the weight i to is da a oe y 
to restore th . Bhow that the sprcifio gravity of the so s aly. 

ore the balance. ow t the sp g y [Raj U.—1953] 

Ans, Let the mass of the solid in air be M, and let it be suspended from a 
point at a distance a on the side of the other fulcrum. Let the mass of the 
weight be m. Take moments about the fulorum and for equilibrium we get 

M,a-mz ts (1) 4 

If the mass of tho solid in water be M, then because the ‘weight’ has to be 
brought nearer the fulorum by a distance y 80 as to restore balance, we take 
moments about the fulorum so as to obtain 

M,a-m(z— y) see 
On division of (2) by (1) we find 
M, 9-7 or Maly L M4, 
i jo ril 2.05 1 M, 
M z 
ui opt 
Hence the desired sp. gr M-M,- J 
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125. Determination of specific gravity of Liquids—To deter- 
mine the specific gravity of a liquid, methods as those of a solid are 
applicable. The usual temperature correction may, if necessary, be 
applied. The specific grivity of liquid may be determined in the 
lollowinggsways : 

(1) Hydrostatic Balance—Take a piece of glass (or similar 
solid ) which is heavier than and chemically unaffected by the liquid 
a$ also by water. Weigh the solid in air, suspend it from the left arm 
of the balance and weigh it first in water and then in the given liquid. 


Let the mass of the sinker in air =W 
Mass of sinker in water = Wi 
and mass of sinker in the given liquid =Ws 
Then the mass of liquid displaced by the sinker =W-Ws 
and the mass of water displaced by the sinker =W-Wi 


«. the specific gravity S of the given liquid =W- W: 
W-W; 


. (2) By Nicholson Hydrometer—Find the weighs of the hydro- 
meter in an ordinary balance. Float the hydrometer on water and 
add weights on the upper pan to sink ii upto the mark. Note down 
the weights. Remove the hydrometer and float it on the given 
liquid. Place weights on the upper pan in order to sink the hydro- 
Meter again up to the mark and note down the weights. Then from 
the principle of floatation, the Sum of the weights placed on the pam 
and that of the hydrometer is, in each case, equal to the weight of 
the corresponding liquid displaced by the hydrometer up to the 
mark. As the hydrometer sinks to the same point in both cases, the 
volume of water displaced is equal to the volume of liquid displaced. 

Lei the mass of the hydrometer -W 
Weights’ added to sink it upto the mark in water =W, 
and weights added to sink it up to the mark in liquid =W, 


Then the mass of water displaced =W+W, 
and mass of liquid displaced =W+We 
Hence the specific gravity S of the liquid= _W+ Ws ...(195,9) 
Examples ; Tw 


1, A Nicholson hydromete Ink 
ed on the upp Vien didi 


is plac ppor pan and to th i 
08 when 9°41 gm. ig Placed on the plos Huy o A enn "BU Nicholson a 


Pan. Find the weight of Nicholson's 

dir RU specific gravity S of the liquid=1'02 , the weight Weis CER 
: m we sink u 

aka CER Vp: 32 EM and the weight W, sonda m SUL sce E 

the PEERS Fick is f W be the weight of the hydrometer, we deduce from 

: B-W*W. or, W941 

WW, ’ W+332 


-1'02 


E 


... (125,2) 


given mark in water when 9:82 gms. ^ 
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Ans. When the hydrometer floats on a liquid, it displaces a volume (say, 
Y c.c) of the liquid whose weight is equal to the weight of the hydrometer. 
When a load of 40 mgm, is put-on the upper pan, the weight of the hydrometer 
virtually increases by the amount and in this case the volume of the liquid 
displaced is V 0.0. plus the additional volume displaced. Thus the weight of this 
additional volume must be equal to 40 mgm. AS 

Now the additional voluma of liquid displaced = height x cross-section of the 
stem — 1x r X ('1)%0.0,= 0314 0.0, * . 

It the density of tha liquid be p, the mass of this liquid="0314xp. By 
hypothesis, this is equal to 40 mgm., i.e., '04 gm. Hence we get the equation: 

"0314 X ='04, whence the density looked for=1'274 gm./o.c. y 

(3) By Variable Immersion (or Constant Weight) Hydrometer 
—In this case, the. weight of the instrument as a whole 
remains constant, while the portion of the hydrometer 
immersed varies with the nature of the liquid. The instru- 
mont is made of glass. Usually it conists of a narrow 
hollow stem attached to a hollow body ending in a bulb 
at the bottom (Fig. 174). This bulb is weighed with 
mercury (or lead shots) so as to make the instrument 
float vertically. The stem contains a paper scale inside. 
The mark, at which the liquid surface meets the stem, 
directly reads off the specific gravity of the liquid’ under 
examination. 


The instrument is graduated by floating it on a 
liquid of known specific gravity. With higher specific 
gravity of the liquid, the hydrometer floats out more. 
On the other hand, the lower is the specific gravity, the 
further it sinks. The graduations are, therefore, made 
from the top downwards. For different specific gravities 
ranging between 0'7 and 2 there is usually a set of Fig. 174 
hydrometers enclosed ina box. When made to float on water at 4^0, 
the reading 's 1000, i.e., specific gravity of water =1°000 ; a reading 
of 1750 indicates that specific gravity is 1 750. 

These instruments are used fcr industrial purposes where the specific gravity 
of a liquid is to be readily determined, For special purpores instruments of 
different types are constructed and ate differently named. The specific gravity 
of milk is tested by an instrument called a Lactometer, which may be gradvated 
by immersing it in mixture of milk and water in various different proportions, 
Thus, if it sinks up to the mark 4, it indicates a mixture of milk and water in 
equal proportions. The specific gravity of ordinary milk is lighter than skimmed 
milk. The specific gravity of urine is tested by urinemeter ard that of alchol 


by alcholometer, 


Examples : 

1. A common hydrometer has a uniform stem on which tbe readings 1'00 
and 110 are 8 oms. apart, Find the distance of the readirg 106 frem 1*10. 

[Mad. U.—1951] 

Ans. Let M be the mass of the hydrometer and V its volume from the 
bottom up to.the graduation marked 1°10. When made to float on a liquid of 
specific gravity 1'10, then according to the law of floatation, V X1'1—M. If 
« Eq. om. be the area of cross-section of the stem, then when made to ficat on 
a liquid of specific gravity 1, M=V+8&d. 


Thus M=Vx1'1=V+8«, whence eO sq. cm. 
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Let | om, be the distance of graduation 1'06. Then, from tke law of floatation, 

M=(V xi«)x106—(V-1V x0:0125) x 06 

and since M=V X11, no a 106-Vx11 

- . very approximately. 

aie ene of peine hydrometer is cylindrical ard the highest gradua- 

tion corresponds to a specific gravity uh zu og iw vest i I» Whai specifio 
ds ti oint exact]; way between the divisions 

gravity corresponds to a p y (Utkal U.—1058] 

Ans. Let M be the mass of the hydrometer and V its volume from the 
bottom. up to the graduation marked 1'4, When made to float on a liquid of 
sq. gr. 1'4, then according to the law of floatation, a) 

M=Vx1'4 nee pee 

Suppose 7 be the length of the stem from graduation 1'4 to and «, the arca 
of cross-section of the stem assumed uniform. When made to float on a liquid 
of sp. gt. 1'0, then from law of floation, 

M=(V+ia)x1=Vile ow ove (2) 

If now B be the sp. gr. of the liquid on whioh it floats exactly 3l exposed, 
then M 7 (V 4-1«)8. 


Then from eqn, 1, V=0714 M 
From eqn, 2, MzV-i«—0714M-4 [& or, 0'286M = i« 
From eqn. 3, M-(V-1«)87 (0714M + 0'148M)S 
1 . 
or, 8 dart) 167, 


(4) By Specific Gravity Bottle—Weigh a clean, dry and empty 
bottle with the stopper, Thon fill it completely with water and 
weigh it again. Pour out the water and dry the bottle carefully. 
Now fill it completely with the given liquid and weigh again. In 
the following case, weights mean masses of the bodies as measured in 


& balance. 

Let weight of the empty bottle =W 
weight of bottle filled with water =W; 
weight of bottle filled with the given liquid =Ws 

Then the weight of water filling the bottle =W.i-W 

and the weight of liquid filling the bottle -Wa-W 


Hence the specific gravity S of the liquid =W W ...(125,3) 
1 
(6) By Hare’s Apparatus or Watt's Hydrometer— The specific 
gravities of two liquids, which mix with each other; can be readily 
compared by this apparatus. It is merely an inverted U-tube, haying 
a branch tube at the top end, to which a piece of rubber tubing is 
attached (Fig. 175). This is again fitted with a clip and has a short 
piece of glass tube attached at the other end. The U-tube is held 
vertically in a suitable frame and the lower ends of two limbs dip 
into the separate beakers, each containing a liquid. When by sucking 
at the open tube, air is partially withdrawn from inside, this pressure 
of air inside is decreased and the external atmospheric pressure 
forces the liquid to convenient heights, when the rubber tube is 
closed by the clip. The height of each liquid column above the 
Surface of the corresponding liquid in the beaker ig either read off 
the scale attached or meactured by & scale. : 
Let the respective densities of the two liquids be =p and p 
and corresponding heights of the liquid columns =h ond hi’ 
and the atmospheric pressure at the time =P, 


ES 
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Now the pressure of air inside the tube is the same throughout ; 
let it be p. Also the atmospheric pressure at the surface of the 
liquid in each vessel is P. Evidently then, 

ptgph=P=p+gph or, ph p'h', 

! ; E 
whence ES =Å, or, fas p. Bee «id vee (195,4) 

Thus the densities of the two liquids vary inversely 
as the eights of the liquid columns, measured from 
the respective surfaces. Hence the densities of the 
liquids can be readily compared and if one of them be 
known, the other is obtained. For example, if one of 
the liquids be water, the density (and so the specific 
gravity) of the other is directly found. It is to be 
noted that the cross-sections of the tubes do not come 
into consideration and that the method can be applied 
to all liquids. 


(6) By Balancing Columns (U-tube)—This is a 
convenient and ready method of comparing the specific 
gravities of two liquids (e.g., mercury and water) which 
neither mix nor have any chemiéal action with each 
other. Take a glass U-tube ABO (as in Figure 162) and 
pour the heavier liquid into it. Then pour the lighter 
liquid carefully into the limb AD. The two liquids 
have a common surface of contact at D. Let the horizon- 
tal line through D meet the other limb at E. If the 
heights of the liquid columns from the common surface 
be hı and ha respectively and iff; and ps be their 


Fig. 175 

respective densities then proceecing as in Art. 115, it can be shown 

that Piz ha, whence pa mL e+e (125,5) 
Pa hy he 


whereby the specific gravities of liquids can be compared or the specific 
gravity of one liquid can be found if that of the other is known, 


Specifle Gravities of Common Substances 


Substances sp. gr. Substances sp. gr. Substances sp. gr. 
Steel 77-19 | Duralumin 2'8 Celluloid 14 
Iron (pure) T'87 Gunmetal 8:0-8'4 | Cork 22-2 
Brass 84.87 | Manganin 8'5 Glycerine 1'36 
Gold 19:83 Marble 20-18 | Turpentine “87 
Copper 893 | Quartz 266 | Kerosene “80 
Bilver 106 Sand 2:8-2'6 | Castor oil “97 
Platinum 21'5 Glass, crown 2:4-2'6 | Olive oil “92 
Lead 11'837 | Sngar 152 | Paraffin oil 96 
Nickel . 89 Alum 159 | Mustard oil “82 
Tin 78 Paraffin Wax ‘87-96 | Petrol 
Copper Sealing Wax 18 Milk 

Bulphate pHi Common Balt 1'6 
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Examples : 


1. The specific gravity of ios is 0'918 and that of sca water is 108. What 
is the total volume of an iceberg which floats with 700 ou. yds. exposed ? 


[O. U,—1943] 
Ans, Let the total volume of the iceberg V cu. yes. 
Then volume under water z(V-—700) cu. yds, 
.. mass of the iceberg ' =V xaT7x 0918x635 Ibs. 
Also mass of sea-water displaced =(V —700) x 27 x 1:03 x 62'5 Ibs, 
FA . Vx27xX 918x62 52(V—700)x 27 x 103 x 6276 
whence V=6487'5 ou. yds. 


2, Find a mathematical expression for the density of a mixture when the 
densities and the masses of the components are known. 

Galonlate the quantity of pure gold in 100 gms. of an alloy of gold and copper 
of density 16. Density of gold=19 and that of copper=9.  [Dac. U.—1940, '52] 

Ans. Let the mass of the components bs m, and m, and their densities, be 
$, and p, respectively. Let the required density of the mixture be p. 

Now volume of the mixture-ioial volume of the components. 

"ei noe =i} Ma, whence p can Le calculated, 
P Pı pa 


Problem—Let the quantity of pure gold be 2 gm.; then quantity of copper= 
(100—2) gms. 


Now volume of the alloy = 100, volume of gold= 1; 
and volume of copper= 10 —2 

. 100 c 100-2 Ab 

Pv 739 One whence 7=83'125 gms. 


8. The densities of three liquids are in the ratio 1:2: 9, What will be the 
relative densities of the mixture by combining (a) equal volumes, (b) equal 
weights ? (Gau, U.—1958; O. U.—1954] 


Ans. Let D be the density of tke first liquid. Then the densities of the 
second and the third liquids are 2D and 8D. : : 


(a). Xt in the mixture the volume of each liquid be V, provided there is neither 
contraction nor expansion of the resulting volume, the volume of the mixture is 
SV. If p be the resulting density, the macs of the mixture is obviously 3Vp. 


Then the masses of the liquids in the mixture are VD, 2VD and 3VD. Hence 
from the principle of conservation of mass, 


8Vp=VD+2VD+8VD, whence 8p=6D, or the density required=2D. 


(b) Ifin the mixture the mass of each liquid be m, the total mass of the 
liquid is 3m and the total volume is 3m/p. 


The vol £ the individual liquidi HIERA eu 

e volume o e vidual liqu nari ap ®t 3D" 
The prinolple of conservation of mass allows us to ensure that 
Sm mym, m 


^» D 2D 8D 


4, A oylinder of wood whose specific gravity is 0'25, has another cylinder of 
metal (specific gravity 8:0) attached to one end, The ‘cylinders are d Inches in 
diameter. Thay have the same axis and are respectively 20 in. and 1 in. long. 
if the whole is placed in water, find how much of it wil be above the surface. 


Ans. Let the height below the surface be } In. e Conn 


Now the volume of the metal oylinder- (rx 1x1) ou. in.—. 7. on. ft. 


1728 


, whence tha desired density p= lp. 


-. the mass of the metal oylinder=(—*. x 695 x8 ) Iba. 


^W og 
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x20 
1728 


x 62° x 0'25 ) Ibs. 


ou. ft. 


Also the volume of the wooden oylinder=(# X 1x 90) cu, in. = 


TX90 


So the mass of the wooden cylinder= 1128 


Also the volume of water displaced — (r X 1XA) cu. inc ou. ft. 
... the mass of water displaced - (77:5 x625 jus. 


Since the total mass of the cylinder is equal to the mass of water displaced, 
62:5 62'5 x8 62:5 x 0'25 

= X th = ———— X E 

wis "Tum t^ Tange 
or, h=8+20X0'95=8+5=13 in. 

So the height above the water Burface- (21 — 19) in.— 8. in. 


6. A silver ornament is suspected to be hollow. Its weight is 288°75 gm, 
and it can displace 30 o.c. of water, If the specific gravity of silver is 10'5, find 
the volume of the cavity. (P. U.—1946) 


Ans. The volume of the ornament=(288'75+-10°5) o.c.=27°5 c.c. 
But the outer volume of the ornament=80 o.c. 
the volume of the cavity —(80—2T'5) o.0,=2'5 c.c. 

6. The cross-section of the arms of a U-tube are 2 sq. om, and 1 sq. om, and 
it is placed vertically, A quantity of mercury of sp. gr. 13°65 is poured into 
the U-tube. Find the height through which mercury will descend in tha wider 
arm when 52 c.o. of water is poured into this arm. (Utkal U.—1954) 


Ans. E59 c.c. of water within the wider arm of cross-section 2 sq. om. would 
occupy a vertical column of 26 cms. Thus, a column of water of height 26 oms, 
would exert a pressure of 26Xg dynes per tq. om. on the surface of me:cury. 
With respect to this meroury surface, the free mercury surface in the narrower 
column would rise by h cm., where, AX 18'65xg=26Xg, whence h=1°9 oms, 


Since the oross section of the narrower column is 1 sq. om. the rise in the 
narrower column is twice that in the wider one. Hence, depression of mercury 
surface in the wider column is 1:9+2=0'95 om. 

*126. Surface Tension—lIt has already been stated that there is 
a cohesive force between the same kind of molecules of a solid or & 
liquid. The effect of such cohesive forces on the free surface of a 
solid or a liquid is & force of contraction acting along the bounding 
surface and this contractible force is different for different substances. 
Since a liquid can very easily take up any shape, this force of con- 
traction along the surface may be demonstrated very conveniently 
with a liquid-as shown in the following experiment : 

ABCD represents a metal wire bent twice at right angles at points 
B and Q, so that the arms AB and OD are parallel to each other 
(Fig. 176). Another straight piece of thin wire EF which is tied with 


B P 
Ei rae” 
i aene V ! 
"D a 


!'H 
Fig. 176 Fig. 177 


a thin piece of thread at the middle point can slide over the parallel 
arms. A soap solution is made in a vessel and this wire combination 


Pt.—I/G.-13 


we got the equation 


Gr 2n 
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is dipped into the solution. On putting the wire out, & soap film is 
formed within the space BOEF and on releasing the wire EF it will 
be found to be moviog towards BO. The force, that moves the wire | 
is due to the contractile force acting on the surface of soap solution. | 
To maintain the film, a certain amount of force, although very small, 
would have to be exerted on the thread outwards. Unless this force 
is applied the wire EF would gradually approach BC and would 
ultimately coincide with it. The surface of the liquid, therefore, 
behaves as if it were in a state of tension like a thin stretched | 
elastic membrane. l 


The phenomenon is explained by supposing that there is a system 
of forces acting along the surface of a liquid, Let PVQR be an 
element of the surface of a liquid and let PQ be an imaginary lino 
drawn upon it (Fig. 177). At any point of this line, there are two | 
forces equal and opposite and acting at right angles to this line. If | 
we imagine a unit length along PQ, the force acting over this unit | 
length is called the force of surface tension. It is to be borne in | 
mind that such forces of tension act over free surface of a liquid 

- only and not within the interior of tha liquid. 


| 
"Let the force applied along the outward direction just to balance | 
- the force of surface tension be T and if the length of the wire EF 
touching the film be J, then remembering that the soap film has got 
two free surfaces, upper and lower, on each of which the surface 
tension is acting— 2 
T-98) | n Be ve (198, 1) 
The surface tension is of the dimension of a force per unit length 
and may be measured in dynes per centimeire or poundals per inch. 
Phenomena Que to surface tension may alternatively be explained in 
terms of potential energy developed when a liquid surface is increased 
against the forces of surface tension. .Suppose for instance, that the 
wire EF is pulled against the force of surface tension through à 
distance EG. .'The aot of pulling should. beso slow as not to disturb the 
temperature of the liquid. The work done to stretch the film surface 
is Tx EG.. 
4) TXEQ=29x HG=2S x (area BEG H). 
slab The film. surface, because’ of its two sides is actually increased by 
twice the area EFGEH. Hence the work done per unit area is 
Bo DEG idy 
2x(area FHGH) .'' 
Thus under isothermal condition the surface tension is numerically 
equal to the work done to increase the surface aren of a liquid by 
any. If the temperature changes, the force of surface tension also 
ant d suffer a change, The dimension of surface tension is a force 
que by the length and may be expressed as MLT? T, 2 MT^7. 
7. Illustrations of Surface Tension— The followi i 3 
^ à = wing illustra- 
A aant the existence of the surface tension of & liquid. A round 
rame ls dipped into a soap solution so as to form a film whereon 


VY = 
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is placed a short silk thread A with a knot st the ends, The closed 
loop with the thread may lie on the film in any manner as shown in 
Figure 178(2). On now touching any portion of the film inside the 
loop with a needle point so as to pierce the surface, this point of the 
film disappears and immediately, the loop of the thread takes a round 
figure B (Fig. 178(b)]. This is due to the uniform surface tension of 
the film acting along the external boundary line of the loop of the thread. 
For such a system of forces, the equilibrium condition is a circle. 


It is always found that small 
drops of rain. or dew or. small 
floating particles of liquid in air 
are round in shape This can 
be explained on the basis ‘of 
surface tension. To form a liquid 
surface some work is to be done. 
Consequently, some potential 
energy is associated with the 
surface of the liquid in question. Fig. 178 
Ti is a general law that for a stable equilibrium of a ‘system, its 
potential energy would be minimum. Hence a liquid drop would 
assume such a surface as to haye minimum potential energy. When 
forces of surface tension acting on the surface of the liquid drop are 
very great as compared to the weight of the liquid, the form of the 
liquid ıs round ; since for a given volume, the minimum surface area 
is. that of a sphere. i 


A slightly greased, sawing needle, if carefully placed on the sur- 
face of water in a vessel, is found to float although itis much heavier 
than water. It can be explained by supposing that due to the surface 
tension, the free surface of water behaves as an elastic membrane. 
Whenever the needle is placed on this membranous. surface the part 
of it below the needle is depressed and consequently the surface as a 
whole is enlarged. The eurved portion of the liquid: surface below 
the needle in. its attempt fo straighten Out offers & vertical force on 
the needle to support its weight. Spiders and insects are found to 
move and run on &he surface of water without sinking.i: This is also 
due to the surface of water behaving as an ‘elastic’ membrane strong 


enough to support the insects. 


It a soap bubble, blown at the end of a pipe, be allowed to stand 
it gradually shrinks in volume. This shows that the surface tension 
tends to reduce the liquid surface to a minimum, | Ita camel-hair 
brush is dipped in water, the individual hairs project in different 
directions. But when taken out of water, the hairs are held together 
as if coated by a membrane. . When. the cohesive forces between the 
molecules of the liquid are less than the adhesive forces between the 
Molecules of the liquid and the solid, the liquid wets the solid eg., 
water in contact with glass.. But if the case is reverse, the liquid 
does not wat the solid, ¢g., mercury in contact with glass. Mercury 
Sprinkled on a glass plate collects into small spherical drops, while 
Water will spread out over the glass surface. If two glass rods are 
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introduced in water and in mercury, then after witkdiawal, the 
former is found to be moist while the latter is dry. (For other 
details of Surface Tension, vide Part JII.) 


EXEROISHS ON CHAPTER X 


Reference ; 
Art. 128 1. Distinguish between density and specific gravity. 

(E, P. U.—1961 ; Utk. U.—1959 ; O. U.—1958 , D:c. U.—1950, 769) 
Art. 123 9. A mixture is made of 7 oo. Of a liquid of specific gravity 


1'85 and 5 oo. of water. The specific gravity of the mixture js 
found to be 1'615, Determine‘the amount of contraction. 
(0. U.—1957) 
Ans. 0°89 6.0. 
Art. 128 8. Two bodies are in equilibrium when suspended in water 


from the arms of a balance, The mass of one body is 28 gm. and 
its density is 5'6 gm./o.c. If the mass of the other body is 926 gm, 


what is its density ? (Dac. U.—1959) 
Ans. 2°77 gm.[o.o. 
Art. 198 4, A body weighs 121'5 gm. in air, and 10611 gm. in one 


liquid and 102:26 gm. in another. Find the apparent weight of the 
body in a mixture formed by equal volumes of the two liquics. 
Ans. 10428 gm. 
Art. 128 5. A cylinder of iron floats vertically and fully immersed in a 
vessel containing mercury and water. Fird tho ratio of the length 
of the cylinder immersed in.water, to that immersed in mercury. 


ie 


(Bp. gr. of mercury — 18*6 ; sp. gr. of iron 7:20) (Pat. U.—1955) - 


Ans 97; 118. 

Art. 123 6. When equal volumes of two substances are mixed toge- 
ther, the specific gravity of the mixture is 4, But when equal 
weights of the same substanocs are mixed together, the specific 
gravity of the mixture is 8. Find the rpecifle gravities of the two 


substances. 
Ans. 6 and 9. 

Art. 123 7. A piece of wax of volume 92 c.c. floats in water with 2 0,C. 
above the surface. Find the weight and the especific gravity of 
the wax. 

Ans. 20 gm. ; 09. 
Art, 194 8, A specific gravity bottle weighs 16:59 gms. wken empty, 


26:69 gms. when some quantity of talt is put into it. The bottle 
is then filled with kerosene oil and weighs 4277 gms. Tho salt 
is now thrown out and the bottle is completely filled with kerosene 
oil, when it weighs 89°59 gms, If the specific gravity of kerosene 
oil be 0'8, find the sp, gr. Of salt. 
Ans. 2°06, A 
Art. 194 '9. Desorite any method of measuring specific gravity o! 5 
Substance lighter than and insoluble in water. 
(Utkal U.— 1949) 
Art. 194 10. How would you proceed to find out the ep. gr. of (i) 9 
solution of copper sulphate, (ii) solid crystal of copper sulphate? 
Find the sp. gr. of a solid from the following data : 
Weight of solid in air=0'4 gm. 
Weight of sinker in air«40 gme. 
Weight of solid and sinker in water=9'37 gms. 


Sp. gr. of sinker=8'00 i U, m= 1954 
i Ans, 0'15. : (Paos UE 
Art. 195 11. A Nicholson’s hydrometer sinks to a certain mark in 9 


liquid of sp. gr. 06; but it takes 190 gme. to sink it to the same 
` mark in water. What ia the weight of tha sd odit] 3 
(0. U.—1958) 


Ans. 180 gms, 


S n 
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Reference 

12, Explain the principle of a  Nioholson's hydrometer. Art. 124 
How would you use it for fading oat ralative density ot cork. 
(Of. Utkl. U.—1951; R. P. B.—1916, '48, Cf. Anna. U.—1951; 
Cf. E.P.U.—1953) 


13, A glass tube 30 omi. long and $ aq. om. in cross-section Art. 125 
is closed at one end; its weight is 4 ems. and 10 gms, of mer- 
sary are poured into it. What will be the sp. gr. of liquid in 
which it flos vertically with 2 oms. length of its stem above 


the surface ? (P. U.—1936) 
Ans. 1. 
14. The stam of a common hyrdometer is oylindrical and Art. 195 


the range of the instrament is from 1'0 to 1°25. Find the 
apacifio gravity of a liquid ia which the instrumsnt floats with 
one-fourth of its stem exposed. 
Ans. 1°05, 
15. A spooifio gravity bottle weighs 1472 gm3. when empty, Art, 125 
9974 gms. when filled with water, and 44°15 gms. when filled 
with a solution of common salt. What is the spsolfic gravity 


of the solution ? (0, U,—1954) 
Ans, 1'7. 
16. A U-tuba contains some mercury at the bottom. Water Art. 125 


is poured into one limb and oil into the other, When the 
heights of the columns are respectively 7'60ms. and 9'5 oms. 
the mercury stands at the same level in both the limbs, Find 
the density of the oil. 
Ans. 0'8 gms./c.c. 
17. A hollow stopper made of glass of density 2'6 gms./c.c, Art, 124 


is found to weigh 23'4 gms, in air and only 8'9 gms. in water. 
What is the volume of the afr in the internal cavity of the 


Stopper ? (Utkl. U.—1962) 
Ans. 1055 o.c, 
18. Dasoribe and indicate the use of a Hare's Apparatus. Art, 125 
(Pat. U.—1954; 0,U.—1953, '59; Anna. U. — 1951) 
19. Explain $with illustration the phenomena of surface Art, 126 
-- tension, : (And. U,—1931 ; Of. E. P. U.— 1952) 
20, What do you understand by the term ‘surface tension’ Arta. 
of a liquid? How do you account for it?  Dasoribe 126 & 117 


soma simple experiments to demoastrate its effect. 
; (P. U.—1962 ; Cf. E. P. U.—1963) 


CHAPTER XI 
PROPERTIES OF GASES 


128. Gasəs and Liquids—As already montioned, gases have 
#3vecal proparties ia common with liquids and both are commonly 
&armo1 fluids. Gases like liquids exert pressure and possess elasticity 
o! volum» but not of shape. A gas does not possess & free surface 
as a liquid does, Oa the other hand gases being much lighter than 
liquids, ara vary compressible and have gob the property of indefinite 
expansion. Any volume of a gas possesses weight, The fact that 
air has weight can be shown by the following experiment, first 
mudertaken by Osto Von Guerieke (1602—1036) in 1660. It is 
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significant to note that a few years before this experimen, Guericke 
invented the air pump. 

A fairly large glass globe 3 to 4 inches in diameter and provided 
with a stop-cock, is taken. By means of air pump the globe is 
evacuated as much as possible and the stop-cock is closed. The globe 
is now carefully weighed in a balance. The stop-cock is then opened 
and air is re-admitted into the globe. On weighing the globe again, 
it is found to be heavier. The difference between the two weights 
evidently gives the weight of the air admitted into the globe. With 
any other gas the above experiment can be performed which shows 
that all gases possess weight. 


129. Pressure of Atmospheric Pressure—he sir svrrorrdirg 
the earth extends up to a considerable height from the surface. This 
envelope is called the atomosphere. The atmosphere may ke supyceed 
to be divided into a number of horizontel layers parellel to the surface 
of the earth ; each layer bears the weight of all other layers abcve 
it and is thus subjected to a pressure due to their weight. ‘his 
pressure is called the aimospheric pressure. Evidently tlis presswe 
is greatest at the surface of the earth and decreases ss we move 
higher. Further, in the case of air et rest the presrure at all pcints 
on the same horizontal plane is the teme. The idea of equality of 
pressure on the same horizontal plane first struck the mind cf Pleite 
Pascal (1623-1662), a French scientist, As different layers are ctm- 
pressed to different extents, they possers different densities, the 
lowest one being densest. ^ 

The existence of the atmospheric pressure can ke di monstrated Ly 
the following experiments. Take glass tumbler filled with water 
to the brim and slide carefully a sheet of card-board on its rim. If 
the tumbler is now carefully inverted, the water does rot fall, show- 
ing that the upward pressure of the atmospkere cn the lower surface 
of the card-board supports the weight of water and the card-boaid. 

Depress an empty glass tumbler into water with mouth down- 
wards. The level of water inside the ttmbler is fourd to ke lower 
than that of outside. This is due to the pressure of enclosed air 
which depresses the level of water inside. . 

Tie a piece of thin rubber sheet R airtight over a stout glass 
cylinder G open at both ends (Fig. 179). Place 
the other end on the plate B of an air-pump 
after having it well-greased. Now evacuate 
the air gradually from inside the cylinder. 
The rubber sheet is depressed more and more 
and finally it bursts with a loud report. This 
is. due to the fact that when air is taken out, 
the inside pressure falls and the pressure of the 
outside air depresses the rubber sheet which 
ultimately bursts when this pressure becomes 
too much. If the upper end of the cylinder 
2 M. by the palm of the hand in place 
ot the rubber sheet, then on working the pump, 
ihe pressure of the air can be felt. When the E action has 


Fig. 179 


T xu 
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proceeded considerably, the hand is pressed so much that it is 
matter of effort to lift itup at this stage. 


Take a toy rubber balloon 
partially filled with air. Tie its 
mouth with a string and put it 
under receiver of an air-pump. 
On working the pump, the 
balloon gradually swells up 
as evacuation proceeds on 
(Fig. 180). Now readmit air 
into the receiver when the 
balloon again collapses to its Fig. 180 Fig. 181 
original form. When the receiver is full of air, the air inside the 
balloon exerts pressure on the wall, which is balanced by the pressure 
of air within the receiver. But when the receiver is gradually 
evacuated, the outside pressure decreases, and the pressure inside the 
balloon becomes greater and so ib swells up. 

Take two bottles A and B connected together by & bent tube 
passing through an air-tight stopper, through which one end of the 
bent glass tube dips into the liquid (Fig. 181. The end of the tube 
within the other bottle passes very loosely,so that the inside of this. 
bottle is in communication with the outside air. Put the two bottles 
under the receiver of an air-pump and gradually evacuate. It will be 
found that the liquid flows from the closed bottle to the open one 
through the bent tube. This happens, because when the receiver is 
evacuated, the pressure of air within the closed bottle, rises higher 
and forces the liquid out through the tube. 


Magdeburg Hemispheres Experiment—The existence of atmos- 
pheric pressure was demonstrated with brass hemispheres by Otto 
Von Guericke in 1654. The apparatus consists of two hollow brass 
hemispheres (Fig. 182), whose edges are so grinded that they fit each 
other exactly. One of these is provided with a handle and the other 
with a stop-cock, a handle being screwed to the latter. The edges 
of the hemispheres are well-greased and pu. together, so that they 
fib air-tight. The air from inside is then pumped out. A very great 
force is now required to separate the hemispheres. The reason is 
simple and is stated below. 


z 


When there is air inside, 
the internal pressure balances 
the external pressure. But 
when the air from inside is 
removed, the atmospheric air 
presses the hemispheres from 
all sides and keeps them very 
tightly pressed against each 

Fig, 182—Magdeburg Hemispheres other. On re-admitting air the 
hemispheres can he easily separated. 

130. Rise of Liquid in an Exhausted Tube—When the lower 
end of an open tube is dipped into & liquid and air is sucked out 
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through the upper end, the liquid rises up the tube. Similarly, water 
rises in a syrioge in a pump as the piston is pushed up. All these 
facts were formerly explained by assuming that nature abhors vacuum. 
lt struck to Galileo that such an assumption could not have a scienti- 
fic basis and he impressed his student ‘Torricelli to go on with the 
research regarding ‘rise of a liquid in vacuum’, The explanation was 
given by Torricelli that the rise of the liquid is due to the pressure 
of the atmosphere. He then argued, that a heavier liquid should 
consequently rise to a smaller height and that the height for a 
particular liquid would change with a change of atmospheric pressure. 
To verify these facts, Evangelista Torricelli (1608-1647) in 1643 devised 
an experiment which goes by his namo. 


Torricelli’s Experiment—Take a thick glass tube, about a metre 
long and closed at one end, Taking care that no air bubble sticks to 
the inside of the tube, fill it completely with pure mercury. Now 
close the open end tightly with the thumb and invert the tube 
vertically over a basin D containing pure dry mercury so that the 
open end is under the mercury surface (Fig. 188). On removing the 
thumb the mercury column sinks down to some extent but remains 
stationary at a certain height. The height of this level from above 
the mercury surface in the basin is found to be nearly 76 cms. 


Explanation—The mercury surface in the basin is acted on by the 
pressure of the atmosphere which is transmitted undiminished in all 
directions. Again the pressure due to the mercury column in the tube 
at æ point in level with the outside surface, is due to the weight of 
the mercury column of height equal to the vertical distance between 
the two mercury surfaces. As the mercury column is in equilibrium 
these two Pressures balance each other and must, therefore, be equal 
In magai?ude. Hence, the atmospheric pressure maintains the weight 
of the mercury column. Tf an opening be made at the top of the 
tube, the atmospheric pressure would also act upon the mercury 
inside the tube and so the column would come down to the level of 
mercury in the basin, Evidently then the atmospheric pressure is equal 
to ths pressure due to a column of mercury nearly 76 cms. in height. 
Torricelli was the Pioneer in devising an original form of & barometer. 


The space within the tube above the mercury surface contains no air 
and is usually referred to as Torricellian vacuum. 
Really, however, the Space contains a little 
of mercury vapour and is not a perfect vacuum. 
But as the pressure due to mercury vapour at the 
ordinary temperature is extremely small, its 
Pressure may practically be neglected. The atmos- 
pheric pressure is given by the vertical height of 
the mercury column. If the tube is slowly 
inclined (Fig. 188) it is found that the space 
above mercury column gradually decreases 
but the vertical height measured from the 
mereury surfaco in the basin remains the 
Same. When the tube is sufficiently inclined the 


tt aL 


Fig. 183 
mercury strikes the top of the tube with a smart metallic sound, 
L4 


be 
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showing that there is no air inside, The height of the mercury 
column changes from time to time and also at different places, which 
shows that the atmospheric pressure is not constant. 

If thera is a change of pressure above the free surface of mercury, 
the height of mercury column is also found to change. Place the 
basin under the receiver of an air-pump while the tube passes through 
an air-tight rubbsr-cork fitted to the open top of the receiver. As 
the pump is worked, the level of the mercury column gradually sinks 
down. On re-admitting air into the receiver, the mercury column 
gradually rises to its original level in the tube. 

"Take the tube as in figure 183 and raise it gradually with the 
open end always under mercury. The space above mercury increases, 
but the height of the mercury column measured from the surface of 
mercury in the basin remains the same: If a very deep cistern is 
taken and the tube is gradually pushed in it, the space above mecury 
decreases but the height of the mercury column above the outside 
surface remains the same, The mercury ultimately touchas the top 
of the tube and if the latter is pushed further down, the tube remains 
always filled with mercury. The height of the mercury column will 
not remain the same, if the space above mercury contains air or any 
other gas, 

Pascal (1623-1662 ) suggested that since the atmospheric pressure 
decreases as we go up, the height of the mercury column also would 
daerease accordingly. In 1648, Perrier went up to the top of Puy- 
de Dome, a mountain in France about 1000 metres in height, and 
found that the mercury column actually came down through 8 cm. 
It was also found that with different liquids, the vertical columns 
stood at diffirent heights. — 

1831. Magnitude of the Atmospheric Pressure—Since the pressure 
of the atmosphere supports a column of mercury, 76 cm. in height, 
the atmospheric pressure per sq. cm. is equal to the weight of a 
column of mercury of 1 sq. cm. in eross-section and of 76 cm. in 
height. Taking the mean value of g to be 981 cm./sec.* and the 
density of mercury to be 13'6 gm. per c.c., the atmospheric pressure 

=wt. of 76 o.c. mercury =76%13'6 gm. wi. per om.” 

=(76 x 13°6 x 981) dynes per sq. cm. 

=1,013,961 dynes per sq. om. x 

So the atmospheric pressure is approximately equal to one million 
dynes or 10° dynes per sq. cm. N 

Expressed in F. P. 8. units the atmospheric pressure = weight of a 
column of mercury 30 inches in height and 1 sq. in. of cross-section 
= weight of 30 cu. inches of mercury. FS 


r (30% 13'6 x 625.) lbs. wt. per. sq. in. —14'8 Ibs. wt. per sq. inch. 
=(14'8 x 32) poundals per sq. in. =473'6 pounials per sd. in. 
Hence the average atmospheric pressure 1s approximately equal 

to 15 lbs. wi. par sq. inch or nearly one ton per sq. foot, When any 

gas or liquid exerts an equivalent pressure, the pressure is often 


mentioned as being that of ons atmosphere. 


202 ' INTERMEDIATE PHYSICS CHAP. XI 


Since density of mercury is 18'6 times the density of water, the 
height of water column supported by atmospheric pressure 
=(30 x 186) in. 234 ft. ( nearly ). 


Normal (or Standard ) Atmospherie Pressure—The zormal (or 
standard ) atmospheric pressure is defined to be the pressure exerted 
by a column of mercury, 76 om. in height, and of density 135951 
gm./c.c, subject to the gravitational acceleration of 980665 cm./sec.* 
This is taken to be the standard, with which other pressure may be 
compared, 

Hence the standard atmospheric pressure 

=(76 x 185951 x 980°665) dynes per sq. cm. 
71,018,237 dynes per sq. om. 

In meteorology, a pressure of one million dynes per sq. cm. is 
called a bar. This is also equivalent to a pressure of 29°52 inches 
of mercury. One thousandth part of tar is called a millibar. The 
standard atmospheric pressure is. thus equal to 1013°24 millibars. 

Pressure on the Human Body—Taking the average surface area of the 

body of man of middle size to be about 16 sq. fb. the pressure on 
the body amounts to (15 x 19 x 12 x 16) Ibs. or over 15 tons weight. Itis 
very surprising to think how a human being can withstand such am 
enormous thrust without least discomfort while it is absurd for him 
even to carry a load of one ton! The explanation is not difficult to 
find, for there are openings of innumerable pores on the skin of the 
body, through which air goes within the system and there is a free 
communication between inside and outside. The pressure of inside 
air counterbalances the pressure outside and consequently just as % 
fleece of cotton in air can fly about safely without being squeezed by 
atmospheric pressure, any flne part of a human system is equally safe. 
The pressure of blood within veins is matched against the outside 
atmospheric pressure, But if the outside pressure considerably alters, 
for example, in climbing up high altitude or in diving under sea, 
Precautions should be taken to conpensate for the pressure of inside 
and outside. The space-suit, worn by the aeronauts in outer atmos- 
phere is provided with double walled jacket for tke compensation of 
outside pressure and consequently there is no feeling of discomfort 
even staying in vacuous space. 
132. Barometers—A barometer is an instrument for measuring 
the Pressure of the atmosphere at any time in terms of the height 
of the liquid column. Mercurial barometers are of two types — 
4) Cistern barometer and (ii) Siphon barometer. There is ax other 
type of barometer, called Aneroid barometer, in which a liquid is 
not used. ; 

Cistern Barometer—A glass tube containing mercury and starding 
vertically On a cistern of mercury constitutes a very simple form of 
the cistern barometer, The height of the mercury column within the 
tube measured from the mercury surface in the cistern measures the 
atmospheric Pressure at the time. When the atmospheric pressure 
gusets that height of mercury column in the tube and consequently 

e level of mercury in the cistern also changes. Hence a scale  . 
cannot be permanently fixed with its zero mark in level with surface 
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in the cistern. To get an accurate reading of the pressure, therefore,- 
either the scale should be variable in position or the level of mercury 
in the cistern must necessarily be kept invariable. The latter condi- 
tion is attained in a type of barometer as given below : i 

Fortin’s Barometer—This is most accurate type of mercurial 
barometer of the cistern type and is, therefore, widely used. It- 
essentially consists of a barometer tube which is : 
completely filled with pure dry mercury with no 
air bubble sticking to the inside (Fig. 184) and the 
tube is inverted over a cistern of mercury called 
the reservoir. The mercury stands ab a height 
depending on the amount of atmospheric pressure. 
The upper part of the reseryoir consists of a glass 
cylinder A (Fig. 185) which allows the mercury 
surface to be seen. The cylinder is fitted at its 
lower ond into a box-wood cylinder B which is sur- 
rounded by a brass case. The lower end of B is 
closed by a piece of fiexible leather which thus forms 
the true base of the cistern, The leather base is 
provided with wooden bottom O at the lower surface. 
A screw S passes through the bottom of the cistern 
and presses against C. By turning the screw, the 
bottom can be raised or lowered, £o thst the level of 
mercury of the reservoir can be altered at will. 
The upper end of the cistern is closed by ® strip 
of leather through the pores of which communica- 
tion is maintained with the external air and thus 
the atmospheric pressure is transmitted to the inside. 
A small ivory pointer P (Fig. 184) is fixed vertically 
to the lid of the cistern such that its lower 
tip is on the same horizontal plane as 
the zero of the scale. 

The barometer tube is made of fairly 4| 
large bore at the upper side to ayoida , 
tangible pressure effect on mercury column 
due to the surface tension. The tube is 
also drawn to a small opening at the 
lower end and is constricted a little above 
it to reduce any oscillation which may 
be set up in the mercury column during 
adjustment. The barometer tube is en- : 
closed for safety within a long brass tube. CESS 
In the upper part of this tube, two wide Fig. 185 Fig. 184 
vertical slits are cut diametrically opposite to each other, so that. 
the upper level of mercury may be seen through them. 

The linear scale, S (Fig. 184) for measurement is engraved on the: 
brass tube along the edges of the front slit, one edge being graduated’ 
in centimetres and the other in inches. Although the scale continues- 
throughout the length of the case, it is usually graduated from about- 
27 to 82 inches or 68 to 80 cms. towards the top, the zero of each: 
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"corresponding to the tip of the pointer. A brass v 
beslidei up ani down in the-front slit by rack and piaion arrange- 
ment, worked by the scraw H. ‘Tae lower edge of the vernier ig 
exacily colacideat wish tha zaro marks on either side. To know the 
atmospheric tomperature, a thermometer T is fixed to the lower part 
of the brass case. Tho baromster is attached to the wooden board 
which muy be hung within a caso or agains she 

To read the barometer the instrument is at first made vertical, 


reury surface in the cistern 
The adjustment is correct 
ush its imge on the clean 
hen moved until the lower 


ernier scale V can 


tuba. ə To facilitate this adjustment, a piece of milk glass is usually 
fiv?» to the backboard of tho instrument. Keepiag the eye in level 
with tha marcury surface, the vernier scale is moyel until the piece 
of whita glass is jasi cub off from view. When the adjustment is 
complete, tha reading is taken fron the min scale and the vernier, 
For accurate determination of the pressure, a temperature correction 
of the reading is nesessary. (For details Vide Heat Art. 99 & J. 
Cha‘terjes's Intermadiate Practical Paysics) 


*138, Sihon Baromeater—Tais is a convenient and "portable 


"E uuu cusee pae Pt. 


Fig. 187 


Fiz, 188 
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tyye of mercurial barometer. It consists simply of an U-shaped 
tube having unequal limbs. The longer limb AB (Fig. 186) is closed 
at the top and is about 90 cms. long, while the shorter limb CD. is. 
open to the atmosphere. The space above mercury column within 
the limb AB is vacuous and the mercury column in CD is exposed 
to the atmospheric pressure. The difference of mercury levels in the- 
two limbs gives the barometric height. 


To protect the mercury surface at O, the limb CD is very nearly 
closed, leaving a very small opening at D through which communica- 
tion with the external atmosphere is maintained. To prevent the 
entrance of air into the limb AB when the instrument is inclined, 
the two limbs are joined by an U-tube of very narrow bore, as. 
shown in the figure. The instrument is fixed on a wooden beard and 
a scale is attached to the board against each of the two limbs to 
read the difference of levels of mercury. 

The weather glass or a household barometer (Fig. 187) is a form 
of Siphon barometer. In the shorter limb, there is & float on the: 
mercury surface, which moves up or down with the surface. This. 
float is connected through a rack and pinion arrangement to a wheel 
and to the centro of the float a pointer is attached (Fig. 188). The 
pointer moves over & dial mounted. in front of the tube. The dial is 
graduated in inches and is also marked with indications such as fair, 
variable, rainy, stormy, etc. The position of the pointer, therefore, 
gives the atmpospheric pressure in inches and the probable state of 
the weather in immediate future. Hence this instrument is termcd 
& Weather glass. 


134, Aneroid Barometer—In this barometer no liquid is. 
used (a, without ; meros, liquid). In the present form, it is sufficiently 
accurate ard at the same time very light and easily portable. It. 
consists of a shallow cylindrical metal chamber O (Fig. 189), which 
is partially evacuated and is hermetically sealed with a thin elastic 

_ metal diaphragm. ‘The diaphragm is ccrrugated in circles to make- 
it readily yield to small changes of atmospheric pressure. Any 
variation of pressure causes a deformetion of the corrugated top, an 
increase of pressure depressing the top and any decrease raising it. 
The amount of depression or elevation is always proportional to the 
change of pressure, Tke deformation, which is always small, is. 
magnified by a delicate system of levers and is ultimately transmitted 
to a pointer at the top moving over a circular scale. The scale is 
previously graduated in comparicon to a standard mercury barometer, 

: so that the pressure can be directly reed 
on it in centimetres or incles. To. 
prevent the instrument from being 

permanently deformed due to a 

sudden rise of pressure, the lid 

js supported on œ trong spring 

which presses against the lever L 

acting on a fulcrum, Words rain, 
fair, storm, change, etc., are written 


Fig. 189 
on the dial and the pointer at any position correctly indicates the - 


p o 
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-corresponding state of the weather, provided the instrument is kept 
sab approximately the same level for which it is meant to be used, 
A complete picture of the instrument with its outer casing and dial 
vis shown in figure 190. 

The aneroid barometer is lighter, more easily portable and less 
liable to damage than a mercurial barometer. An aneroid barometer 
may also be provided with a scale to indicate directly height in feet 
«or in metres. Such barometers, which may be as small as watches 
and are used by mountaineers and aviaiors fo record the heights 
attained, are called altimeters. 

Barograph—A barograph is an instrument for automatically 
recording on & chart & continuous variation of theatmospheric pressure 
(Fig. 191), It consists ofan aneroid barometer O which is kept well 
covered in a glass box. The top of the barometer is. connected 
‘through a system of levers L and B. Any change in the, atmospheric 
‘pressure is recorded by the end of the lever S rising up or down. 
A recorder is attached by the end of a long lever and its point 
“presses against the drum slowly rotated by a clock-work arrangement 
and revolves once a week. The pressure- variation is recorded on 
‘the graph paper as a continuous wavy line. 


Advantages of Mercury as ^a Barometric Substance—The 


-advantages of mercury as’ a barometric substance would be apparent 
from the following facts : 


Hf oi Lat! Fig. 490 Fig. 191 


(1): On account of the high specific "gravity of mercury, à com- 
“paratively short column of it, about 80: inches long, balances the 
‘atmospheric pressure, fizo 


; (2) In the Torricellian vacuum, there is very little mercury 
vapour, £o the pressure due to this mercury vapour is negligible. 
On the other hand, water gives off vapour eyen at the ordinary 
temperature, and this would exert appreciable pressure on the liquid 
column and so the observed height would be less than the true 
height. Glycerine vapour has, of course, very low pressure ati 
ordinary temperatures ; but as glycerine readily absorbs moisture from 
the atmosphere, its density changes and also this moisture is given 
off by the liquid within the tube. 


cita) Mercury when pure does not wet glass, 


Ya 
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*|85. Uses of Barometer—A Barometer may . be used either 
for the measurement of atmospheric pressure or for the determina- 
tion of height, f 

Determination of Height—At the sea-level, mercury barometer 
stands at about 76 ems. On ascending through the atmosphere, a 
certain height of the air column. is left out,so the atmospheric 
pressure, and consequently the length of barometric column 
decreases. Let the barometer reading at lower and upper stations be 
hy and hz respectively. 

Vertical height between the two stations-H. cms. 

Average density of air between the two stations= p gms./c.c, - 


So Hx pxg=(h, —hg) X 186 xg, whence Hae hs X 136 ems. 


Taking the average density of air near the surface of the earth, 
it is found that for an altitude difference of 107°7 metres, the change 
of barometric height is 1 om, This corresponds to a change of 
pressure of 1 inch for an altitude difference of 900 ft, But as air is 
highly compressible and as the temperature is lower in the upper 
regions, the density of air decreases as we go up. Bo the barometric 
readings do not fall in proportion to the height. A rigorous calcula- 
E of jM determination of height is given in the part on Heat 

t. 81). 

The height of a place above the sea-level in metres can be directly 
determined from the formula 

H = Kilog; oh — log: ola) a ESO) 
where hı and hg are the atmospheric pressures ¿n centimetres at the 
sea-level and at the required altitude and K is & numerical constant 
equal to 18900 nearly. Qe 

Forecasting of Weather—It is found that the | atmospheric 
pressure at a place varies at different hours -of the day, as also 
from day to day. Tne variations may be due to changes in the 
density. of air consequent upon the changes of temperature and on 
the amotint of water vapour in thè atmosphere. Hence, the barometer 
readings would give us same idea as to the possible condition of the 
weather a& any time and also in near future. Water vapour is lighter 
than air, its density being $ ofthat of dry air. So when the 
Proportion of. water vapour in the atmosphere becomes large, the 
density and hence the pressure of the atmosphere ‘decrease and the 
barometer reading falls. ,A considerable fall in the barometer, there- 
fore, indicates that rain is imminent. If there is a sudden. decrease 
of pressure at. the place, air from surrounding regions would rush 
to the place. A sudden fall in the barometer record. therefore predicts 
an immediate storm. A slow fall for several days implies continued . 

ad weather. On the other hand, a sharp rise indicates a fine weather 
ut not lasting, A steady rise indicates a continued fine weather for 
Some time. These forecasts are oaly approximate. 

Weather Charts containing ‘informations about pressure, tempe- 
rature | and humidity of atmosphere, strength and ‘direction of the 
Wind, the state of the sky, etc., are daily published by Meteorological 
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Offices. Air pressures in millibars are shown on the charts by 
continuous lines, called isobars each of which passes through places 
of equal barometric pressure at a certain time. The relative position 
of these lines indicate the state of expected weather. When the 
isobars are near, the variation in the pressure is rapid. The regions 
of low pressure are called cyclones and those of high pressure are 
called anticyclones. The instrument by means of which the strength 
and the direction of wind can be measured and recorded is known 
as anemometer. The latest method of weather forecasting is indicated 
by orbiting satellite and its radio-reception from meteorological 
stations. 


136. Extent of the Atmosphere—Tho air at the surface of the 
earth would tend to expand indefinitely in space. But at a certain 
height, this tendency is expected to be balanced by the action of 
gravity and so the atmosphere may be taken to extend to a limited 
height. But the density of air gradually decreases with height. 


Formerly balloon experiments were done.to explore the limit of 
the earth’s atmosphere. A record of previous history may be given 
here. On the 27th may, Prof. Piccard of Belgium rose to a height 
of about 18 miles. On September 30, the Soviet Balloon ‘U. S. S. B.’ 
rose into the stratosphere to an altitude of 19,000 meters or about 
11$ miles. On the 11th November, 1937 a stratcsphere expedition 
was undertaken above Dakota in America under the National Geo- 
graphy Society by Capt. W. Stevens and Capt. Orville Anderson, 


who rose in balloon to a height of 792,895 ít. or nearly 1837 
miles. 


An. unmanned. balloon, carrying self-recording instruments went up 
in 1936 from U. 8. A. to a height of 21'8 miles which proved evidence 
of sufficient air at a height of even 45 miles to reflect sun’s rays ab 
sunset, Reflection of radio waves has revealed that traces of atmos- 
phere, extend to even 200 miles and beyond. Recent experiments on 
art ficial satellites (sputniks ) conducted by scientists of U. S. A. 
and U. S. S. R. have further thrown light on the extent of atmosphere. 


It is now known that traces of atmosphere extend up to 200 miles 
approximately. 


Difficulties .of a High Ascent—It is to be mentioned here that 
great difficulties are experienced in a very high ascent as in the 
Liverest Expedition for the following among other reasons : 


(i) . The Density of Air—The lower density causes difficulty of 
breathing asa person would. have to make a greater number of 
inhalations per minute to take the requisite supply of oxygen. With 
artificial inhalation of oxygen, this difficulty may be minimised. 


i Gi) The Low Atmospheric Pressure—Owing to this the pressure 
within our body would be in excess ; this would cause a rush of 
blood towards the nose, ears and eyes, which would even sometimes 
Mead This may be minimised by using pressurised garments, Further, 

e muscles should have to put forth greater force in supporting the 


limbs which would feel stiff and without any strength. 


i 
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(iii) The Low Temperature—The temperature. of the atmosphere: 
becomes lower as we go up. At a height of 5 miles, the temperature 
ofthe air is found to fall to —20°0 approximately, and atoa height 
of 7 miles, it falls to bout: —58°O. "Unless special “precautions be 
taken, the aeronaut may be frozen to death. 

137. Isothermal Volume Caanges: of Gases—It has already been 
stated that gases are highly compressible so that the volume of gn: 
enclosed mass of a gas readily changes with changes of pressure. The 
relation between the pressure and the volume of a given mass of a 
gas at constant temperature was first discovered in 1662 from experi-. 
m*^ntal results by Robert Boyle (1627-1691), and also independently in 
1676 by Mariotte in France. The relation is enunciated in a law, 
called the Boyle's Law in England and the Mariotte’s Law in the 
Huropean Continent. 


Boyle's Law—The volume of a given mass of any gas at constant 
temperature varies inversely as the pressure to which it 4s subjected. 

Thus if V bə the volume of a mass of a gas at a pressure P, then 
at constant temperature— j 


ni or, V= 2 where k is constant 


whence PV =k, a constant. eb (137, 1) 
Hence, if a given, mass of a gis ab a constant temperature has 
volumes Vi, Va, Vs, etc., under pressures P,, Pa and Ps respectively 
then we have Pi Vy=PVa=PsVs=2 constant. This constant depends 
on the nature, mass and temperature of the gas. The equation (137, 1) 
is known as the isothermal equation of state. 5 


Pressure and Density—The relation given in Boyle's Law can also 
be expressed in terms of pressure and density of the gas. Thus let 
a certain mass m of the gas at a constant temperature possess s 
volume V, and density P; ab a pressure Pj, and a volume V, and 
density D, when the pressure is Pa; then since the mass remains - 
constant. y 


m= Vips = Vapo SAN airy iu, Td n) 
Pa Vi 
Again. from Boyle's Law, PiV1=PaVa or 2 - 5 .. (2) 
2 1 


5.1: Hom oque (dad aa 5 whence 2 is constant — (137, 2) 
D 2 


188. Verification of Boyle's Law—'The apparatus generally used 
for this purpose consists of a long glass tube AE (Big. 192) of 
uniform bore and closed at the top permanently by being gece off 
or by means of two air-tight glass stoppers as shown in the br 
This tube is connected at its lower end by a piece of long flexi x 
thick-walled. rubber tubing to a wider glass. tube DB open, at bop 
ends, Both the: tubes can slide along vertical uprights and can if 
fixed at any desired position by clamps X and Y. The cotes eee 
both the glass tubes and. the whole.of the rubber tubing T are fille 


with pure dry mercury, while the upper part of. A mc as herir 


Pt. 1/G—14 
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amount.of dry sir or any other gas. There is a vertical scale $ 
attached tothe stand; which is graduated on each side in centimetres, 
The positions of the levels of the mercury in the fubes can be read 
from the scale B. As the tube AR is of uniform bore, the volume of 
the enclosed air is proportional to the length of the enclosed air 
column within the tube. ‘For accurate: observation, the tube is 
graduated in fractions of cubic centimetre,  ' 


For Higher Pressures—Raise the open end, such that the mercury 
level in B is higher than A. Fix it. up somewhere and wait for some 
time to allow the compressed gas to atteia room temperature. The 
volume of sir in A is evidently proportional tothe difference of the 
readings of the closed end E of the tube and mercury level at C. 
The pressure of air in A is obtained by adding the difference of the 
mercury levels D and O in the two tubes and the barometric height 
at the time. Take a few such readings’ of volumes and pressures 
with the mercury level in B higher in each case. Here tha pressure 
is always higher than the atmospheric pressure. 


For Lower Pressures- Slide B down till the level of mercury in 
ihe two tubes is the same again, Now lower B step ‘by step. The 
: volume of the air in A gradually increases and 
the level of mercury in B is always lower than 
in A. The pressure of the air in A is in each 
case obtained by subtracting the difference of 
the mercury levels in the two tubes frcm the 
barometric height. Here ihe pressure of the 
enclosed air is always less than the atmospheric 
pressure. Note the volume of the air and the 
corresponding pressure at each step. Find the 
product of the volume. v. and the correspon- 
ding pressure p in all cases. It is found that 
the product pxv is approwimately constant. 
Precautions—The mercury as well as the air en- 
closed in A must be perfectly dry. To get dry air the 
stop.cock: as the mouth of the tube A may be opened 
and some fused calcium chloride is kept in funnel 
tube, The tube B is then raised so that mercury level 
in A touches the lower stop-cock. Thus the air inside 
A is all forced out. Then B is slowly lowered, where~ 
by meroury level in A in coming down sucks atmos- 
Pherio air through calclum chloride making it dry. 


Thus any required volume of the gas may be taken 
in at the start. 
To account for any variation in the atmospheric 
gu during the experiment tke mean of the 
rometer readings at the beginning and at the end 
of the experiment should be taken. 


idi. 
It is sometimes a difficult tack to make glass stoppers absolutely air-tight in 
a ol My tis EH there i ds AM from the closed end ofthe tubé during 
exper n ihe experimentis spoilt. To ensure the safety, th nd 
of the tube A is, made permanently ial, ^as "Ab MET 


Fig. 192 


The altera‘ion in the volume of the enclosed gag must be ‘made very alow! 
: ra ‘ior y slowly 
so as ed avoid any change in temperature due to the sudden compression or 


"ie 


ee Ue 
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To represent graphically the relation between the pressure P and 
the volume V of a gas, the pres- 
“sures are represented along 
abscissa and corresponding volumes 
along ordinate, The nature of 
thé curve is shown in figure 193. 
The curve so obtained is & branch 
~ of a rectangular hyperbola. Tf the 
L pressure P is plotted against 1/V 
— which is reciprocal of correspond- 
"ing volume, resulting graph is 
& straight line. 
2. ‘The change of volume of a 
— gas. at constant temperatura is 
— known as isothermal change and 
E the curve representing the change 
in the volume of a gas with the change of pressure at any constant 
temperature is called an isothermal curve or simply an’ tso'hermal 
at that temperature. 


ae 


Fig. 1983—Isothermal curva. 


vC 


» 
Examples ; i ied 

— 1. A vertical cylinder of sectional area 10 sq. cm. is fitted with” an^ alr tight 
— Piston weighing 80 kgm. ‘The cylinder contains some air and the “height of the 
‘Piston from the bottom of the oylinder is 28 om. “If the barometer reads 76 om. 

— âf the time, find the tolal pressure inside. If'an extra load of 80 kgm, be placed * 
On the pistor, find how far it will be depressed. (g=980 cm. per. sec.”.) 


Ans. Pressure due to the weight of the piston 
= 20410900960 294 x 10° dynes per sq. cm. 


Atmospheric pressure per unit area=76 X 18'6 x 980 =1'01 x 10° dynes/om.* 
ts “^. Total pressure inside» (2'94 x 10° +1°01 x 10°) = 8°95 x 10° dynes/cm.* 

— The additional load produces a pressure of 2'91x10° dynes per sq. om. 
A +. Total pressure = (3'95 + 2'94) x 10° dynes= 6°89 x 10° dynes per sq. om. 

Let the piston be depressed through z om. ‘ 

Then the (28—2)x6:89x 10°=98 x 8'95 x 10° whence z-— 11'94 cm, nearly, 

2, The space above a mercury column in barometer tube contains some 
air, The miter) column ds 28 40 inches long and the space above it is 8°05 
itches’ long. The tube is then pushed downwards into the mercury so that the 

Column is 98:14 inches long while the air space is 2/84 inches, What is the true 
"height of the barometer. TA (Raj. U.—1955) 
Ans. Let the true height of the barometer in the air-freo state be P inches. 
Bo the initial pressure of the enclosed air-(P —284) inches and the volume .of 
the air=305x«; where « is the. cross-section of the bore of the tubo, Pinal 
Pressure of the enclosed air=(P—28'14) inches and the volume is 2'34x«. 

+. Brom Boyle’s Law, (P 984) x8'05 x « =(P- 28'T4) x 84x « 

4 Whence P=99'26 inches, : | 
L.S. A tube 6 it, in length: closed) at one end is haif-filled» with meroury am 
zn is then inverted with its open end just dipping into a mercury trough, If the; 
barometer stands at 30 inches, what will bə the height of the mercury inside . 
the tube ? j PUES I (lay Oar LBA 

Ans. Let the height of mercury column in the tube when Inverted — in.: 
Initially the air aeons (3x12) in. of the tube and its prossnre=30, in. Final, 
Volume of the air is (72— 7.) in, of the tube and the pressure =(80—1) in. aed 


*- (12- h)(80-71)=86 x 30, ‘Whence #=12 in, or 90 in. 


at 
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Bat aa the length of the moroury column cannot be greater than the tube 
itself go the second value cannot be accepted, Hence the required height is 1 ft. 
4. A faulty baromater containing aic and of 1 sq. om. oross-seotion reads 
77 cms. when the trae reading is 78 oms. ani it reads 70 cms, when trae reading 
70:8. Find the voluma of air pressnt at a prossure of 76 cms. (And. U.—195)) 
ms; Let loms, be the léngth of) the barometer tube measured from the 
mercury level of the cistern. In the first case air pressure within the barometer 
is 78=77=1 om of mercury and volume of alr is (1—77) c.o: Applying Boyle's 
Law, we get (1—77) x17 (1— 10) x:8, whence 1=105 oms, 

Thus the volume of air is 105—77=98 o.c. under & pressure of 1 om, If s be 
the volume of this alr at a pressure 76 oms. then from Boyle’s Law, 

98x 1=76 xv, whence v=0'87 o.c. 

5. A narrow tube with a uniform bore is closed at one end and near the 
other end is thread of me*oury of known length, The tube if held vertical with 
closed ‘end (a up and (b) down. Show how the barometric pressuro is determined 
from the positions of the, thread, (Gaŭ. U.—1955) 


Ans. Let 7 be the length of the mercury pellet within the tube. If pand g 
be the densify of mercury and acceleration due to gravity, then the pressure 
exerted by this pellet on the enclosed air within the tube is lpg. When the 
tube is held with its open end upwards, then the pressure P due to atmosphere 
and that due to the pellet acts downwards and the total pressure is P+Ipg. If 
the length of the enclosed air column be },, then since the cross-section ig 
uniform, the volume of the air column is proportional of 1, call it Kl,. 


When the tube is held vertical with its open end downwards, then the 
atmospheric pressure within the tube acts upwards while the pressure due to 
pellet acts downwards. 80 the new pressure is P—lpg. If now the length of 
enclosed air column be 1, the volume is Kl; Now applying Boyle's Law; 
werget (P-- 79g) x Kl, — (P — pg) X Kis 07, P(14—2,) — lpg(l 4-1). 


whence P= loottir) 


; hel, = 
R 139. Archimedés’’ Principle applied to 


Gases —Just as a body immersed in a liquid 
( 1 experiences's vertical upward thrust equal to 
| the weight of the liquid displaced by the body, 
so also a body in air is subjected to an up- 
ward thrust by the surrounding gas, which 
is equal to the weight of the gas displaced. 
The upwerd force exerted on any body by the 
Surrounding air i: called the buo:ancy of the 
jj... air.. Hence the weight of & body in vacuum, 
d which is. its true weight, is greater than its 
; apparent weight in air by the weight of the 

Fig. 194 displaced ‘air, b 
i This is clarly demonstrated. by a. baroscope, which consists of. a 
small balance from. the arms. of which a- small brass weight and a- 
large cork sphere are Suspended. so) as to counterpoise each other 
when in air. Thorefore their apparent masses are equal. The whole 
is'then placed under the receiver of an air-pump. If now the air is 
pumped out, the’ cork sphere is observed to sink down becoming 
actually heavier (Fig. 194). When both are suspended in air the 
cork sphere owing to its larger volume displaces greater volume of 
air than the brass weight and so it experiences a larger upward 
a But as the. apparent masses ¿of the two are the same the 
Tue mass of the cork sphere must be greater than that of the brass 
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weight, In they following calculation, we. use ihe. word , weight’ to 

mean the mass of a body. ) a) R hd : 
. *Buoyancy, Correction in Weighing—The fundamentel assumption 
in a buoyancy correction in weighing is that the apparent mass of 
the body to be weighed is equal to the apparent mass of the weights 
placed to counterpoise it. 


Let the true weight ot the body =W 
true weight of the counterpoising weights =W 
density of the material of the body =p 
density of the material of the weights - p 


density of air at the time 
Then for equilibrium, w-Na-w-Ta 
p 


whence W — —- ( d 


-w(i+ 2-4) L. (391) 


since d is small in comparison to p and p'. 


Example : 
The weight of a body in air of density 600126 gm. per 0.0 is found to be 
9998 gm. If the de; sity of the material of the body be 2'65 gm. per c.c. find the: 
-Weicht of the body in air of density ‘C0129 gm.,.per 0-0. and also its true, Wi 
Ans. Let the true weight of the body =W gm. het tt Í 
Then the volume of the body =(W-+2'5) -yolume Gt: the air displaced. ' 
wi XX00085,. soo whence W400 em, [utis PAR ME 
Hence the volume of the bódy =(400 +35) — 160 6:6: wy diim on 
~ Its wt. in air of density 000139 = (400— 160 x 0*00129) = 392198 gm. 
140 Balloon—The buoyancy’ of the air is utilised in the ascent of 
a balloon, an airship or any other air floating machine. If the weight 
of.the machine with its accessories be less than that of the displaced 


air the machine will rise up in air. 
A balloon'i$ essentially“ ‘large’ beg of silk or some other light 
Material, the outside of which ‘is, thoroughly varnished to make it 
air-tight (Fig. 195). Ib is filled with some gas lighter than air such 
as hydrogen, helium or coal gas. ‘The balloon is provided: with, 
(i) A light car tö carry passengers which ‘ig’ stispended by cords 
attached to a large network of ropes covering the balloon. o or . 
(ii) A safety valve at the | top.” Opening it with a cord, Ms 
contained gas may be allowed to escape and the balloon may 
lowered at will. qt E DYN é di 
(Ui) Some bags of sand, which eing emptied „would make. e 


balloon ascend further or descend ‘Tess rapidly. piss um 
(iv) A parachute Wbich isa large’ tmbrella-like contrivance with. 
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^eords hanging from its! circumference and carrying & light frame at 
the other end (Fig. 196). 


The acronaut may leave the balloon 
with the parachute, which then opens out 
like an umbrella due to the resistance of 
the air below and makes the descent slow, 
There is a small opening at its top through 

` which the air slowly escapes whereby it 
descends upright. 
Air Ship—lt is 
2 modification of the 
balloon with arrange- 
ment to steer the 
machine in any direc- 
tion with changeable 
speed. After being 
lifted up in the sir, 
it can be driven by 
propellers worked by 
motors and it can be 
steered in any direc- 
tion by a suitable 
rudder. Zeppelin is 
an example. Hydro- 
| Rig. 195 ruc’ Fig. 196 gen being extremely 
y light is used in the 
air-ships ; but later on "helium was preferred as it is non-inflam- 
mable. It is due to hydrogen taking fire that the German air liner 
the Hindenburg, the: biggest’ of its type and used in trans-Atlantic 
flight, was destroyed on 6th May, 1937. At present air-ship is 
obsolete since large jet planes, able to carry several tons of load and . 
move with very high speed, haye been built. 
Examples ; 
, 1. A litre of hydrogen and a litre of air welght about 009 gramme and 13 
grammes respectively at 9 certain temperature (!) and pressure (p). What 
would be tha capacity of a balloon, weighing 10 kilograms, which just floats 


when filled with hydrogen having the same press d the same 
temperature (/) as the air. $ Í Je Dai a 


3 Ans. Let the capacity or volume of the balloon ==V litres. 
.*. Mass of the hydrogen enclosed in the balloon =Vx009 gm. 


_ And mass of air displaced by the balloon =VX1'8 gm. 
a “Now wt. of the balloon Pwt. of hydrogen erclosed =wt. of air displaced. 
+" 10000+ Y x0:09— Y x 1:8 whence V=8264'46 litres nearly.” 


1.9. A balloon, weighing 150 kgm., contains 1000 cu. metres of hydrogen and 

3s surrounded by air. Oaloulate the additional weight it can lift. Also explain: 

why the balloon will float im stable equilibrium at a constant altitude. Density 

of bydrogen=0'00009 gm./c.c, and dinaity of air=0'00129 gm./c.c. 

siyon qoo [Gau. U.—1952] 
Ans. e mass of the balloon and the coatained =1 A f gas. 

e Now mass, ot 1000 cu, metre of hydrogen. eur CONI EA IS 
ONA d 2 or cedo 000009 kgm. =90 kgm. 

MEL ) 88 of balloon snd hydrogen=150+90=240 kgm. 

t iMass of air displaced —1000 x 10° X 00139 gm. =1290 peti SA 


E i ; 


ee ae S 
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Hence from Archimedes’ principle force of buoyanca = 1290 —240= 1053 
kgm.=lts lifting power at the place where density of air ts "00123 gm.joc. Ab a 
higher altitude the density of air is less, so that balloon cannot ascend with the 
givea load. Again af a lower altitude the density of air ia higher than 00129, so 
that the balloon with the given load could be forced upwards due to greater 
buoyancy. So it takes up a constant height determined by the required density 
of air (00129 gm./c c.). 

8. A balloon is filled with a gas whose density is ry that of ale at N.T.P. 
Compara the total lifting power of the balloon in air at a pressure of 75 om. to 
that in air at 74 om, the temperature rea maining always at 0°O and the volume 
of the balloon being supposed to be the same. 

Ans. Let the density of air at N.T.P. =d»; then that of enclosed EA 

Again density of air at 0*0, and 74 om.— dx 1$- 

Let the volume of the balloon ba V 6.0. and the total lifting power in the 
two cases be W, and W, respectively. 


Then W,+Vdeva tye) even c s (1) 
Again Wit Y= vatt on w,-Vdgi-3)-18Vd ^ ee (2) 


From (1) & (2) Wi: Wa=466 ; 448, : , 

4. A cylinder filled with alr at a&mospherlo pressure ig lowered in water 
with its mouth downwards till it is } full of water. To what further depth 
should 1& be lower till it is 3 full of water? Density of meroury is 19'6 and 
barometric height is 76 cm. 

Ans. Let l be the length of the cylinder in om. and « its area of crosi- 
section in sq. om. Then tha volume of air is I< 0:0. under the atmospherlo 
pressure of T6 X 19:6X g dynes/sq. om. 

Let the depth of water be W em. measured from the top surface of the 
eyliader at which the oylinder is } full of water. The volume of air is then 
1i« c.c. and the total pressure within the cylinder is 76 X136xg+(h—41) Xg 
dynes/sq. cm, 

Now, if temperature does not change, then according to Boyle's Law 

14x 16 x 188 x g = 31K x [76X13 6X9+ (h— 80) X9] ; 


or, T6X186=2h+$1 — or, pu 6X12 oms., neglecting the length of the 


cylinder as compared to h. (a 
When the cylinder is further lowered by h, ome. where is.j full of water the 
volume of contained air is $1« 0.0. and the total pressure is 
76x 186x943 (hth, 4-1)X g dynes|sq. om. Then again applying Boyle’s Law, 
14% 75% 13'6 X g= 3I«!6 X 16 X 186 X gt (h+hy+s)) x gl 
or, 8X76X19'5=76 x13 6+h+h, mepleoting 7 
76—136 +h à 
1 


or, 8xT76x189'6-hh,— 1 


or, BXTSx 198 h, -16503 oms. 


EXERCISES ON CHAPTER XI 
2 js Reference 
1, Explain fully the meaning of the statement—the atmosphere Arts. 
exerts a reset of 35 ]bs. per square inch nearly. How would you 129 & 131 
verity the statement experimentally ? . | (0. U. dm : i 
9, How will you show experimentally that the atmospheric 8. 
"pressure wis saith from all directions ? Though the surface;of — 181 & 182 
the humen. body is large explain why we are not orushed by ml 
pressure of the atmosphere. (Uika] U.—19 2) 


Reference 
Art. 131 


Art, 181 


Art, 185 


Art. 199 


Art. 182 


Art. 134 
Art.: 192 


Art. 197 


Art, 137 


Arts, 
187 & 138 


Art. 187 
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9, Express the normal pressure of air in absolute unites 
(Density of mercury=13'6 and g=981 cms. per seo. per sec.) 
(Del. U.—1968 ; And. U,—1952 ; Del. H. 8.—1954; 
; 0. U.—1957 ; Raj. U.—1955) 
Ans, 1018961°6 dynés per sq. cm, 


4. In a barometric column, meronury stands at £0 inches above 
the level of the mercury in a trough. Express the atmospheric 
pressure in O.G.8. units, it being given that 1 inch=2'54 cm. 
9:981, Sp. Gr. of mercury =18'6, 

Ans. 1016929 9 dynes per sq. cm. 


5. The reading of a barometer at the top and ground floor of a 
building are 23905 and 29'949 inches respectively, [he densities 
of mercury and air are 13'583 and 001293 gm. per 6.0, respectively, 
Find the height of the building, (And. U.—1961) 

Ans, 38°4 ft. 

6. Describe with a neat diagram the prinelple and constraction 
of a barometer which you use in your laboratory. 

(Raj. U.—1963; Pat. U.—1952 ; Dac. U.—1952; 
U.P.B.—1959 ; Cf. Q. U.--1954 ; Utkal U.- 1953 ; 
P. U.—1969) 


T. Give a brief description of Fortin's barometer and explain 
dts adjustments. Oaloulate the atmospherio pressure in dynes per 
om. when the corrected barometric height ie 750 mm.” (civen j= 
981 ‘and p-186). (Dao, U.—1961 } Of. Nag. U.—1053; 


s U: P; B.—1953) 
) Ans. 10,00,690. 


8. "Explain the principle of:an 'Aneroid barometer. 

(Dac, U.- 1964" R.P.B.—1955) 
9. Explain why. it is necessary- to correct the reading of & 
Fortin's barometer. for. the temperature. Obtain an expression for 
this correction, | (Anna. U,—1960 ; Pat. U.—1953 ; Nag. U.—1963) 
10. A bottle whose volume is 800 c.c. sunk mouth downward 
- below the surface of a pond. How far must it be sunk for 100 c.c. 
of ‘water to run into the bottle? The height of the barometer at 

the surface is 76 cms. and the Sp. gr. of mercury is 13°6. 


1 Nag.. U.— 1950) 
Ans, 9901 metres, Mire 
11, The mercury in a barometer tube stands at 75 cms. and 
„the space above it is 5 cms, in length. 2 c.c. of air at atmospheric - 
‘pressure are admitted into the tube and the mercury now stands 
at 60 cms. Find the area of cross-scetions of the tube. 
(seid à i (Nag... U:—1950) 
Ans, ‘6 sq. om, 
12, State Boylé’s Tawi '>How is the law verified experimentally ? 
(Mad. U,—1961; Nag. U.—1950, '65 ; Rij. U.—1952, 69; Del. H. S. 
—1970; E.P.U.—1959 ; Of. Gan. U.—1955 ; Pat. U.—1954) 
18. A steel bulb of capacity 2 litres contains air at pressure 
of 5 atmospheres, What Should. be the resultant pressute if now 
6 litres of air atmosp eric Pressure are pumped into the b: lb. 


Nag. U.— 1965) 
Ans. "5 atmes 2A ie 
14. State Boyle's law and describe an experimental arrangement 


for verifying it, for pressures greater than and less than one 


Q 


atmosphere, (Gau. U.—1952 ; U,P.B.— 1964: C,U.— 1961 ; 
(toos Dac. U,—194! , P,U.—;950) 
15. The volume of an air bubble inereases tenfold in rising 


“from the bottom of a lake to its surface, 


If the barometric height 


.80 -1nche l wiat ia the depth’ of ‘the lake? (Sp. gr. of merouty 


'-196) ` 
"Ans. 906 fi, 


(Dac. U.—1961 + Raj. U.—1901) 
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Reference 


16. At what depth in water will a bubble of air have the Art. | 37 
game density as water given that water is incompressible and iair 
obeys Boyle’s Law for all pressure? (Density of air at ordina 
atmospheric pressure is 1:85 gm. per litre) (R. P. 5.—1959] 

Ans. 27200 ft., taking water barometer= 34 ft, 

17, A narrow tube with uniform bore is closed at one end Art. 197 
and at the other is a thread of mercury 8 em. in length. The tube ' 
is held vertically, once with the closed end up and then with the 
closed end down. The lengths of the air column enclosed between 
the meroury thread and the closed end are 42 cm. and 84 om. 


respectively in the two cases. Calculate the atmospheric pressure. 
(Pat. U.—1964) 


Ans. 75 om. of Hg, 
18, A glass tube closed at one end is 72 om. lorg. The inside Art, 137 
ig covered with a soluble pigment. In sounding the depth of the 
= bea tha tuba is, lowered verically bellow the sea, open end down, 
till it just touches the bottom. When taken ont, the pigment was 
found dissolved to within 4 om. of the top. If the average densily 
of sea water is 1°02, find the depth of the sea at the place, 
(Density of mercury =18°6 ; atmospheric pressure 76 om.). 
(U, P. B.—1944) 
Ans, 172'88 metres. 
19. Tha space above the mercury in a faulty barometer Art, 197 
Measures 19 cm. and the mercury column extends 72 cm, above 
tha meroury in the cistern, On depressing the tube in the cistern, 
cm. What is the atmospheric pressure in centimetres of mercury ? i 


Ans, 75 em. 

90, Explain fully how the height of a barometer affords us a Arts. 
measure of the pressure of the atmosphere. What is the weight of 191 & 127 
a litre of air collected at the top of & mountain when ‘the barometer 
stands at 50 cm.? (1 litre of air at 8 pressure of 76 cm, weigh 
129 grams). ` i 

Ans, 0°3487 gm. j 7 

al. The density of air at N.T.P. is 0000129 gm. per c.c, Find Art, 197 
the alteration in the weight of 15 litres of air when the ‘barometer Bs. 
falls from: 76 cms, to.¥4 cms. 

Ans... The. weight decreases by 0°51 gm. 7 i í , 

22. Dae to the pressure ofi small quantity of air in the empty Art: 197 
space above the top mereury in a Torricellian tube, the height of Es 
Mercury column is 752 mm. when the atmospheric pressure du dc um 
162 mm and 750 mm. when the atmospheric pressure is 769 mm. ; 
What is the true atmospheric pressure when. the height of the 
mercury column is 750 mm. ? (Del: H. 8.— 1950) , 


Ans, 746mm. i i 
39. A tube 5 fit. in length, closed at cne end, is half-filled with © Art. 197 
mercury and then is inverted with its open end just dipping into .. : 
a mercury trough. If the barometer stands at 90 inobts what will | 
be the height of mercury inside the iube ? AnP OPPURI) i DES 
Ans, 11'5 ins, ! i ANS à E i 
24, ‘The miss of a balloon when ‘empty 10151 kgm. When ` E 187 
inflated with hydrogen, its volume becomes 35°5X10° oo If the ^ i 


density: of the enclosed hydrogen i8. 0'000085 gm. per 0:0; nd. that. T! 
of the surrounding air be 0 0912214 gm, per 0.0. find the additional UY 
weight which ean be lifted by the balloon. ! mid. C 


' Ans. 9:85 kgm, RR d ant Ario 


CHAPTER XII 
AIR PRESSURE MACHINES 


141. Syringe—It is an instrument whose working depends on 
the effect of atmospheric pressure and it is generally used to raise a 
liquid from one vessel and then to transfer it to another. Jt consists 
of a hollow glass or metal tube with the lower end tapering to a 
nozzle. An air-tight piston work within 
the tube. To draw a liquid, the nozzle 
is dipped in it keeping the piston ab its 
lowermost position. When the piston is 
drawn up, a partial vacuum is formed 
within the cylinder below the piston and 
so tha atmospheric pressure acting on the 
liquid surface becomes greater than the 
inside pressure. The liquid is, therefore, 
sucked into the cylinder as the piston is 
raised up. When sufficient liquid has 
been drawn in, the syringe is taken up. 
Owing to the pressure of the atmospheric 
air acting at the nozzle the liquid cannot 
escape. If the piston is now rushed 
down, the pressure inside becomes greater 
. ^ than the pressure outside and so the 

liquid is forced out. 

An eye-dropper or a fountain-pen filler 
works on the same principle as a syringe 
but instead of a piston, there is a rubber 
bulb fitted air-tight at the top. On being 

N pressed, the rabber bulb forces some air 
to go out of the tube through the nozzle. 
: Tf now the nozzle is put under liquid 

‘Fig, 197 Fig.198 and pressure on the bulb is released, the 

d bulb regains its shape and expands the 

space inside, The pressure inside is thereby lowered and the requisite 
quantity of the liquid is sucked in fo as to equalise the pressure. 
Figure 197 shows a pen with an automatic filler. Within the barrel 
B of the pen there is a rubber tube T in communication within the 
capillary tube leading to the nib. Fixed to the side, there is a lever 
L, which on being raised, presses the tube and forces air out of it- 
"The pen is lowered in ink and the lever is released so as to inflate 
ithe tube, whereby the ink is sucked in and fills up the tube a8 
‘shown in Fig. 198. Animals inhale air into the lungs on the same 
principle. Daring inhalation the muscles of the chest cause the lungs 
to expand, whereby the internal pressure is reduced and so air is 


rdrawn in. Also during exhalation the lungs contract and the carbon 
„dioxide is forced out, 


142. Principle of Pumps—Pump is a class of machines which can — 
rtransfer fluids from a region of lower pressure to a region of higher 
‘pressure. Almost every type of pump consists of a large strong 


cylinder into which a suitable piston works air-tight, A complet 
- 3 ; plete 
o-and-fro motion of the piston is called a stroke. s 


CE eo 
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Valves—The air pressure machines are provided with devices, 
called valves, which act as very light trap doors placed at the openings 
of dises or in connecting pipes of pumps. 
A valve allows the fluid to pass jn one 
direction only bub completely blocks the 
passage in the opposite direction. Valves 
differ in forms according to the purposes 


for which they arè meant; one may be € 3 
‘a flat disc turning about a hinge on a E2 

plate with a hole (Fig 199, A & B) Se D 
‘serving as the partition wall between 

two compartments. Tt the fluid pressure Fig. 199 
ia the lower compartment exceeds that in the upper, there wou'd be 

‘an excess force acting from below on the valve, which would then 

open out and allow some fluid to pass through the hole. But if the 

fluid pressure in the upper compartment be in excess, the door will © 
‘he pressed air-tight on the plate and on fluid is allowed to pass 

through. In addition to the form of a flap door, & valve may be of 

the typo of a conical piece moving in a conical slot (Fig. 199, ©) or 

even a light ball moving jn a tapering hole, The form of valves, 

generally used in air pumps, consists of a strip of oiled silk stretched 

over a hole (Fig. 193, D) A valve should be very light so that it 

can work at the smallest possible difference of pressures. 

143. Common Pump or Suction Pump—“t consists of cylinder 
AB (Fig. 200), called the barrel within which a piston P works 
smoothly. The piston is made air-tight witbia the barrel by a collar 
of soft leather or rubber strip. The barrel is connected at its lower 
eni with a long pipe whose other end is introduced into a reservoir 
from which water is to be raised. There are two valves, both opening 
upwards, one of which V is a& an opening in the piston, while the 
other O is at the junction of the barrel and the pipe. Near the top 
of the barrel there is a spout E thro:gn which water flows out. In 
thd case ofa hand pump, the piston is worked by means of handle 
which works ag a lever and is attached to the piston rod, 

Action—Let us starb | with the piston at this lowest position. 
During the upward stroke, the piston is raised against atmospheric 
pressure and hence the valve V remains closed. 
piston therefore increases and the inside pressure falls. e 
is opened by the excess of pressure of the air inside the pipe and so 
this air partly enters into the barrel. The pressure of the air inside 
the pipe and the barrel becomes less that the atmospheric pressure and 
so water from the reservoir is sucked up into the pipe. The suction 
is continued till the piston reaches the topmost position. During the 
course of first up-stroke tome water may even reach the barrel. 


During the down-siroks, the air within the space below the piston 
alvo O becomes closed. When the 


it.. Air continues to escap through gE cenis 
reaches its lowest position, the va 
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If some water has been raised within the barrel during the up-stroke, 
this wather finds its way aboye, the piston through the valve V. 

During the next wp-stroke the 
yalve remains closed due to the 
atmospheric pressure and the pressure 
of any water above it, while due to 
the vacuum produced above the valve 
©, it opens and water is forced into 
the barrel. The water above the 
piston flows.out through the spout 
(Fig. 901) A few initial strokes 
may often be necessary to driye off 
air from inside the jump and hence 
to get the first supply of water. 
When once a supply. of water is 
obtained, water is given off at every 
upward stroke of the. piston. It is to 
be noted that although water is said 
3 to be ‘sucked in’, it is really ‘pushed 
Fig. 901 up’ by the atmospheric pressure. 


Limitation of the Suction Pump—Since water, is raised by ihe 
atmospheric pressure, the height of the piston akoye the surface- of 
water in the reservoir must not exceed that of the water barometer, 
i:e., about 84 ft. But as the valye has scme weight and the, pistcn 
in not perfectly air-tight, the Gifference in heights is found to be 
slightly less. Moreover, the pump gives an intermitient flow of, water, 
supply being made during every wp-stroke. 

Such pump is now being widely used in the tube-vells. If kept 
unused for sometime, owing to the drying-up of leather ccllar the valve 
in the piston may roi remain perfectly air-tight and water would 
not rise up in the barrel. In ¿uch a case some water is to be poured 
into the top of the barrel before using the pump. This would male 
the piston moye air-tight and thus help a quick working of the rump. 

144. Lift Pump—tThis type of pump is used to raise water, to 
9 desired height. It is only a modification of the 
‘common pump having a third valve Vs (Fig: 209) 
opening upwards at the junction of the delivery pipe 

"end the barrel. 
^Aetion— To start with, suppose that the piston is 
“at its lowest position and that water has already 
reached up to the top of lower pipe T after some | 
initial strokes, t : 

During the wp-siroke, as the piston is raised, the 
valve Vi opens due tothe partial vacuum created 
above it within the barrel, while due to the excess pres- 
sure at the top part of the barrel, the valve Va remains 
pressed. As air within the cylinder above Va is coni- 

: pressed, the valve Vs is oper ed and air escapes through . 
te ws the atmosphere, At the same time, there 
:& fall of pressure inside the barrel and water rises. i recmo . 
: During the down-stroke, the pressure inside aes NUM pert 


EORR 


o S 
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aud the valve Vi becomes closed, while the valve Va opens and the 
water passes through the hole of this valve into the space above the 
piston. During the n°xt wp-strok2, & fresh quantity of water is drawn 
int; the barrel, while the water above the piston opens te valve Vs 
and passes into the pipe above. As the strokes are repeated, more 


: and more water is forced up the tube through the valve Vs. 


Ii is evident that during the down-stroke of the piston the valve 
Vy. supports the weight of the column of water within the pipe above 


i and so relizves the valve Va of this weight during this period. Using 


this pump water can be raised to any height, provided the different 
parts of the pump are strong enough to bear the force caused by the 
weight of water above. Tt is important to remember that since the 
collection of water wishin the barrel depends upon suction, the barrel 
must bo so placed as to be within 34 ft. from the water surface of 
tho source. 

145. Force Pump—lt consists of the strong barrel AB (Fig. 203) 
fitted with an air-tight solid piston P and provided with a pipe at 
the bottom, which dips into the reservoir of water 
There is a strong valve O opening upwards at the 
junction of the barrel and the suction pipe. An 
outlet pipe E is fitted to a side close to the 
bottom of the barrel and at this junction there is 
another strong valve D opening into the pipe. It 
also works under a similar principle as a lift 
pump. 

Action -As the lower pipe by the first few 
strokes is exhausted of air, the level of water 
reaches the valve O. During the next up-stroke of 
the piston, pressure inside. the barrel falls, the 
valve D remains closed by the atmospheric pressure 
while the valve C opens and water is forced into 
AB. During, the down-stroke the pressure inside 
AB increases, the valve O closes while the valve D Fig. 203 
opens and water is forced up into the tube DE. : j 
Thus during each sucsessive wp-stroke, a quantity of water rises into 
the barrel, while the valye D remains closed due to the back pressure 
of the water. wishin the pipe E; and during each down-stroke, the 
water is forced into the outlet. tube, the valve C remaining closed. 
Like the, lift pump,. this instrament also can raise water to any 
height, depending on the strength of the machine and the force 
applied at the handle. Here also the output in intermitient, water 
flowing out during the down-strokes only. X NE 

Arrangement for Continuous Flow— The ousput of a liquid in & 
‘pump can be made continuous by having an air-chamber R (rig 204 
into. which outlet the tube directly passes. Toe delivery tube leads 
into the chamber at its upper portion and reaches nearly the bottom 
of the chamber, while the upper end of the tube leads to the 
required height. | 5 

.Aetion--During the up-stroke, 
while the valve © ‘ab.the bottom of barrel remains open, 


the water rises into the barrel 
the valve 
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2 i e down-stroke, the pressure inside. 
D remaining ose ore ieee closed, while the valve D opens 
increases ; $0 forced. into the chamber B. If the pump is rapidly 
and adi is during the down-stroke along with the discharge of 
worked, t " delivery tube, some water collects into the chamber, 
Nr baci Am in R is compressed. During the upward stroke of 
so that t A ee D remains closed ; but the compressed air im 
te pues E expands and thus forces the water to flow out of b 
aeliveey tube Thereby a coxtimucus flew of water may be meintained. 


Fig. 204 


Double-barrelled. Pump 
— This is used to produce a Fig. 205 
continuous stream of water 
at a place at any height or at any distance from the source of Nae 
In the earlier type, a continuous flow was maintained with the RNC 
of an air chamber, as just described. In the present form, it consists 
of two force pumps, the barrels of which are connected to’ a common 
air-chamber (Fig. 205). Both the pumps then draw from a ccmmon 
reservoir. When the piston in one moves down, that in other moves 
up and wies-versu, The delivery tube is fitted to lateral aperture E 
the air-chamber. The action of the piston is likely to ce Rega aa 
at the time of reversal; but the continuity of the flow. is b MEE 
by the air chamber, ' Of such a pump the latest type is operated by 
a petrol motor or electric power. A double-barrelled water ‘pump 18 
often used by fire-fighters and they call this machine’a Fire Engine. 
Example: dh 

Water is e f rough a height of 80 fi, by means 0 
5 H. P. ET ae te of tke ud is 85%, find in gallons xr 
quantity of water pumped up per minute. (One gallon of bip en Posi 


Ans, Binoe 1 H, P,=33000 ft. Ib. of work rer minute, à 5-H. Ps motor a 
do 165000 ft. Ib, of work per miuute on the pump. : 


oy 2! 85 
But Work done by the pump_ =85%= 29. 
ut work dope onthe er Due the efficiency of the pump ae i00. 


*» Work done by the pum 85 x 165000 ft, 1b.— 140,260 fb, 1b. 


A 


e 
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Let æ be the number of gallons o! water raised through 30 ft. in one minute. 


by ihe pump. Then work dones 10zX 30 ft. lb. 
or, 830; = 1,40,250 whence «=467'°5 gallons per minute. 


146. Siphon—It is used for transferring a 
liquid from one vessel into another when the 
whole mass of the liquid is not to be disturbed 
or when the ordinary method of pouring the 
liquid is not convenient or desirable. 

Tae siphon consists of a tube CB usually 
of glass (Fig. 206) with two open ends bent 
down and with one limb longer than the 
other. The tube is first filled completely with 
the liquid to be transferred. The method of 
filling liquid for an ordinary glass siphon is 
to inver& the tube and pour liquid into it. 

Fig. 206 


Then temporarily closing both the ends with 
ter limb is introduced into the liquid contained in: 


longer limb projects outside into another 


vessel with its end below the level D of the liquid. On now opening. 


the’ ends, the liquid at once begins to flow out through the longer 
which cannot be moved, 


limb in a continuous stream. For a siphon, 
first filling of the liquid is made by temporary suction. 
; Principle of Action—The start of the flow may be explained 
in the following way: Let and B two points on & horizontal 
plane in the upper part of the tube and A, D the levels of liquid’ 
in the vessels. 

Let the atmospheric pressure af the time - P ; 

vertical heights of © and B above D and À respec 

density of the liquid ia the vessel- p. 

Then static pressure & 

Now as h is greater than h', pressure 
at O- Hence, the liquid begins to flow from B at a hi 
to G at a lower pressure. Due'to the motion of some li 
partial vacuum is created at that region and fresh liquid is forced up 
to B by the atmospheric pressure. Thus a continuous flow is main- 
tained the shorter limb of course remaining 
the end of the longer limb dips below a liqui 
the suríace of the liquid D in the vessel. 
motion, the pressures at B and O slighily change 
remains higher than the latter (Vide Hydrodynamics Vol. IIT). 


Conditions for the Working of a Siphon— 
ptied must be 


. (à) The level of the liquid. in the vessel to em 
higher than that in the other. For when n=, the pressure at O= 
the pressure at B and water ‘will not flow from B to C. Hence; the 
siphon ceases to work when the levels of the liquid in both tke 


vessels become equal. 


_ (2) As atmospheric pressure forces up the liyuid into the shorter 
limb, the height h’ of the top of the siphon above thel iquid in the. 


tively =h and hi +} 


[ 
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vessel to the emptied must remain less than the height of the 
corresponding liquid barometer. 


(3) The. siphon will not work in vacuum, as no atmospheric 
pressure exists there. 


147. Applications of Siphon—A siphon may also be-used to 
produce an intermittent flow of a liquid. This is illustrated in the 
following cases :— 


Tantalus Cup—It con- 
sists of a cup in which 
a siphon is; placed con: 
cealed within the bust of 
a man, representing King 
Tantalus ( Fig. 207). The 
siphon is so placed that 
its. bend. is just below the 
level of the lower lip of 
the figure. The shorter 
limb. ends near the bottom 
of the cup, while the 
longer limb just mni. 
out. As water is poure 
ewe ame into the cup, the level 
gradually rises both in the cup and in the shorter limb. As soon 8$ 
water reaches the top of the bend and is about to reach the lips, 
is begins to flow out. If the supply of water is then stopped or it. 
it flows out at a rate faster than that at which it is supplied, thé 
‘water level gradually sinks into the cup until it goes’ below the end 
-of the shorter limb. The siphon now empties itself and the action 
stops. If water is supplied sgwn, the same process is repeated. 
Water, therefore, never reaches the lips of Tantalus, thus keeping 
him as thirsty as ever. : 


Automatie Flush—The principle of a siphon is also utilised in 
automatic flushes often fitted in public latrines, etc. A siphon i$ 
fitted inside a tank and the longer limb passes out (Fig. 208) A 
stream of ‘water flows into the tank and its level gradually rites. 
Ultimately when the level of water reaches the bend, the siphon begins 
Xo work and water flows out in a powerful gush till the level goes 
‘below the open end of the shorter limb. The ordinary flushing 
'arrangement of bathroom is also a modified form of automatic flush. 


Example : ; 
. A tali cy'inder 90 om. in length is full of mercury. What is the greatest 
‘depth of it which can be emptied out by means of siphon, the barometric height 
being 756 mm. of mercury ? [P. U.—1924] 


z Ans. The siphon can work till the height of the merci column in thé 
vd vus Mm nid prs ped Miptapas ts not greater than 766 n Hence 
of the siphon on the upper ed can 

be moved from the cylinder to a depth of 756 sien Ed ae Oa ae 


7148, Water Jet Pump or Filter Pum is i 
. Water Pum p—This is one of the. 
implest forms of an air-pumv made ordinarily of' glass. The appi- 
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ratus consists of & glass tube T fused into a bigger jacket tube. The 
tube T ends in a nozzle J. The jacket tube is 
provided with a side tube C. Just against the Th 
nozzle, there is a funnel-shaped glass tube R i 
which is led out through the bottom of the 
jacket. The side tube C (Fig 209) is connected 
with a rubber tubing to the vessel to be 
exhausted, while the end T is also connected 
by & rubber tubing to the water mains, the 
pressure of which should remain constant. As 
a strong jet of water is forced out of the narrow 
mouth of nozzle J at a very high speed, it 
entangles some of the ai: surrounding the narrow 
nozzle and carries it down the tube due to 
viscous friction. A partial vacuum js thus 
produced and so air is sucked from the vessel 
connected to it. The filter pump may produce 
a pressure only as low as 7 mm. of mercury 
and it is therefore nob used when good vacuum 
is required. Is is however very simple, 
economical and convenient requiring very little - 
attention. 
A modified form of pump, known as Sprengel pump, had its“ 
origin from the principle of suction of a jet pump. This modified. 
pump was devised in 1865. Mercury is allowed to fall through a- 
delivery tube in drops being controlled by a pinch cock. From near” 
the top of the tail tube, a side tube is connected to the receiver which- 
is to be evacuated. By this means, as drops of mercury trickle 
down, small quantities of air entrapped between successive drops are* 
continuously swept out. With proper care and modification & Sprengel 
pump is capable of producing a pressure of 1074 mm. of murcury.- 
Sir William Crookes (1832-1919) used such s pump in his memorable 
investigations on radiometers and discharge tubes. 
149. Air- o aust Pump)—The first mechanical air 
9. Air-Pump (or Exhaust p)—1 02-1096) in 1650. 
i indrical metal barrel AB 


Fig. 209 


be well-greased and fixed air/- 
tight on a. flat circular dise HF, called the plate of the pump. There) 
junction of the barre|l 
To indicate th/e 
ached to the pipe 


Aetiom-—Let us start with the position ab its lowest positioya. 
During the up-stroke, as the piston is drawn up, the valve V is closed 
due to excess pressure at its top. The air in R in expanding opens 
the valve a and enters the barrel. During the down 


in the barrel below the pis‘on is compressed. The inside 


Pt. I/G—15 
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therefore increases. Due to this valve & become closed. When the 
inside pressure becomes greater than the atmospheric pressure, the valve 
' is pushed open and the air inside the barrel goes above the piston, 


During the next wp-stroke, the 
valve V is closed due to the excess 
pressure outside. A partial vacuum 
is created between the piston head 
and valve a, and so the air remaining 
within the receiver again expands, 
opening the valve a A fresh 
quantity of eir from ‘the receiver 
now fills the barrel. Thus during 
each up-stroke the barrel is filled 
with some amount of air from 
the receiver, which is let out during 
the next up-stroke, As the opera- 
tion is repeated, the receiver gets 
exhausted more ane more. This 
goes on, till the pressure of the 
air left in the receiver bocomes bs 
weak to open the valve a. e 

Big, 310 Alc Pump limit of Sisi attained by the 
instrument is then reached and any further evacuation stops. 

Degree of Evacuation—The pressure and the density of air 
within the receiver continuously fall off as the pump is worked. 
The following calculation shows how pressure ard density change 
with the number of strokes. 

Let the volume of receiver, including that of the pipe C= V 

: Volume of the barrel between extreme potitions of piston =v 

and density of air initially in the receiver = p 

At the end of each up-stroke a volume V of air expands to occupy 

:'a volume (V +v) and is thus reduced in density. Let the density of 
* the air at the end of the first up-stroke be Pı. 


Then, V9 -(V t v)p4, whence pı = ( 


Vt Ps, 
|. At the end of the next down-stroke the air in the barrel escapes 
æ bove the piston through its valve and a quantity of air of volume 
\7 and density #1 is left in the receiver. At the end of the second 
u\p-stroke, this air of the receiver expands to a volume (Vv) and 
tkiereby becomes reduced in density to pa say, 


Then, Ve: =(V +v)pa when ps nS pi Xy. 


j | Proceeding in this way, it can be shown that density of air left 
in the receiver after m strokes is given by — 
n 


REN 
Pn [x A c. (149,1) 


‘It the temperature of air withi i i 
uS ithin the receiver remains constant, 
Boyle's law holds good and the pressure becomes proportional to 


+ 
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density. Sə if P be the initial pressure of the gass in the receiver ` 
and P, be the pressure of the gas lef; in the receiver after m 
complete strokes then, 


P.- [y -..(149,9) 


From mathematical stand-point, since V/(V +v) is a quantity less 
than unity, the higher is the value of n, the less beccmes the value of 
the powered quantity of eqn. (149.2), but it can never attain a zero 
value. A high degree of evacuation can, however, be attained with 
& good pump after a sufficient number of strokes. But in fact, with 
a mechanical air-pump, as described above the valves become more 
or less leaky at lower pressures. Moreover the valves have some 
weight and at & certain stage of lower pressure, the air pressure of 
the receiver is unable to open the first valve. It is at this stage 
that any further evacuation by the pump ceases. 

Examples : 

1. After four strokes the density of the air in the recelver of an air pump is 
found to the original density the ratio of 256 to 625, What is the ratio of the 
volume of the barrel to that of the receiver ? [0, 0.—1953] 

Ans. Let the volume of the receiver and that of the barrel be V and v. 


256 * v 4 v 1 

then 296. zn) pou LS 

en S5 (go oh vi 8 whence yuna 
2. The barrel of an exhausí pump has half the volume of the receiver to be 
evacuated. Find the pressure in the receiver after £ complete strokes, if the 
original pressure was 76 oms; of mercury. [Mys. U.—1953] 
Ans. If Pn be the pressure of air in the receiver ‘after nth stroke, V and v 


the volumes of the receiver and the barrel of the pump, then neglecting the volume 
of the communicating pipe and assuming the starting pressure to be P, 
VM LM. i 2\* 
Pi X) -(X) x 6=(5) X162 16 cms, of Hg. 
"iva PzAvgxeh Se) men F 
3. The volume of the receiver ofan air-pump is 1250 c.o. and that of the 
barrel is 250 o.c. If the original density of the air in the recelver is 0°001298 gm. 
Dr c.c. find the density after 10 complete strokes. Find also ihe mass of air 
removed from the receiver, f 
Ans, Let the density of air in the receiver after 10 strokes be=p’ 


Thon p (1950. xoo0i98= 5)" x 001298 = 889810 x 0001298, 
en p pP x 0001993 (5 


Taki /—10 log ‘8398+ log 0'001293 
mE e rA Baste E8156, whence p’ = 00002087 gm.]c.c. 
Bo the required mass=1250x (0001998 — 000208) gm.=1'356 gm. 

150. Guericke Pump—An improved piston type of an air-pump 
consists of a barrel il with a side tube E (Fig 919). The tube 
communicates with the barrel through number of port holes P.P. 
The piston L is provided with an oil valve at the bottom and is 
Screwed rigidly with a rod D. This rod passes through a valve R 
and is connected to a lever, by which motion may be imparted to the 
piston. In some apparatus as shown in Fig. 218, the piston rod is 
connected externally to the flywheel W through & crank and by 
rotating the wheel a continuous up-and-down motion of the piston 
may be obtained. The junctions are made air-tight with a thick 
layer of heavy oil pressed on the piston and on th» valve R. The 
valve Ris kept pressed downwards by & spring HH (Fig. 212). 
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The receiver is 
connected to the 
inlet pipe E. When 
the piston is at the 
bottom, the air 
within the receiver 
expands into the 
barrel through the 
port holes. But 
when the piston is 
raised up, the air 
wit in the barrel is 
isolated from the 
receiver and this 
sir is gradually 
compressed till at 
the topmost posi- 
tion the piston 
pushes up the yalve 
to make space for 
air to escape. 
When the piston is 
moved down a bit, 


spriag closes the valve. A and the space within the barrel is 


cut of from atmosphere. Whon tho piston is at the lowest position, 


the air with the receiver again finds i.s way 
into the barrel through the port-holes. In this 
way by the continuous up and down motion 
o! bha piston, air is intermittently taken out of 
the receiver, In a good working condition 
and. with sufficient speed, this type of pump 
can bring down the pressure of the receiver 
to about 1 mm. of mercury. 

*151. Teopler pump—The apparatus 
originally designed by ©Teopler in 1862, 
consists of glas3 bulb B to the ends of which 
two vertical barometer: tubes F and G, each 
about 82 inches long wre connected ( Fig. 
914). The tuba F is narrow and of about 
1 millimetre bore and its lower end, wnich 
is usually bent upwards, is dipped. into 
méereury contained in a vessel K. The wider 
tube G has got a bend af its lower pari 
and is connected to a short piece of glass 
tubing "T. One end of stout pressure 
tubing is connected tai the base of this 
short tube while its other end is connected 
to a reseryoir M. containing mercury. A 
side tube connected with the bulb B and 
© leads to the receiver R through enlarged 


x 


Fig. 214 
part in which a small 
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glass bead L acts as a valve by not allowing mercury to run into the 
receiver. In original Teopler's machine theré was no valve but the 
part CH was 8 vertical tube of glass of length of about 22 inches. 
This attachment made the apparatus about 8 ft. in height, but the 
provision of ‘the valve has made the apparatus about 5 ft. in height 
with a greater case of operating the machine. The receiver is connec- 
ted very carefully with leak-tight pressure tubing N. 

At the start the receiver, a part of the tube G, the bulb B and 
the whole of the tube D are full of air at atmespheric pressure. The 
receiver M is gradually raised when the mercury level in G gradu- 
ally rises slow!y compressing air at different parts of the apparetus. 
When M is raised to such a height that the mercury level enters the 
tube B and is just aboye the point O, then the air within the recei- 
ver R is cut off from the air within B. On now rising the receiver 
still higher, the glass valve L floating on mercury closes the passage 
to the receiver while mercury level in B rites and forces air to [ass 
to the atmosphere throvgh the mouth U. Actually mercury is allcwed 
to run down through F to drive off last traces of eir in this region. 

The reservoir is now lowered when the mercury level in B ccmes 
down to leave a vacuous space in jt. When the level of mercury 
comes below O, the air within the receiver expends to fill the vecu- 
ous space in B. Again the reservoir is raised to cut off eir in Band 
ihis air is ultimately driven out of U Ly raising the resery cir suffici- 
ently. Thus the lowering of mercury level below C establishes a 
communication between B and B, and a part of the sir expands in- 
to B and by raising tke level of mercury to the extent that mercury 
falls through the tube E, this air is expelled to the atmosphere. Thus 


ver lowers down. The mercury 1n G lays the role of an air-tight 
piston, while mercury in the tall tube F plays the part of the velve 
in not allowing atmospherie air to enter the bulb A. As tkere is an 
intern ittent stream of mercury running down 4hrocgh the tell tube, 
mercury gradually collects within the vessel K and Las to be poured 
back into M from time to time. Té is a very satisfactory type of 
pump, as we can geb & good ‘vacotm with it. Bub the action of the 
pump is very slow. Lord Rayleigh (1849-1919) stated that he required 
the whole of the morning to evacuate a receiver of capacity 2 litres to 
a sufficient degree. However slow might be the operation, the pump 
is capable of producing a pressure cf the order of 107^ mm. of 
mercury or eyen less. : 

152. Rotary Hyvao Pump—This type of the pump, originally 
designed by Gaede in 1807 depends for its working upon & continu- 
ous rotation of a cylinder within a suitable chamber (Fig. 215). The 
instrumen consists of a hollow cylindrical body of iron having two 
openings near oach other at the top. Of these, the one called the 
inlet port I, is provided with a ripe projected vertically upwards 
which can be connected with a rubber tubing to the yessel to be 
evacuated. The other, called | the outlet port O, is provided with a 
valve such shat any gas contained within the cylinder may escape, 
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but nothing can come within. The two ports are located on either 
side of & movable air-tight partition S kept pressed by a lever Land 
a spring. The solid cylinder within the hollow cylinder is rigidly 
fixed to a shaft and can be rotated eccentrically about an axis, With 
the revolution of the inner cylinder, a rotatory contact is maintained 


Fig. 215 Fig. 216—Rotary Hyvac Pump 


between the solid and lollow cylinders and the vane is always kept 
pressed on the inner cylinder,. The complete picture of rotary 
pump is given in figure 216 in which there are two pumps side by- 
side, working on the same shaft and enclosed within a rectangular 
metal box. 

The principle of action of the instrument is as follows. When 
the: solid cylinder in course of rotation occupies the position as shown 


Fig. 217 Fig. 218 Fig. 219 Fig. 220 
in Fig. 217, it closes the outlet port and the inlet becomes just open. 
The gas from the receiver expands within the crescent-shaped space 
M.. Tho next stage is shown in Fig. 218 when the expanded gas 18 
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ejected from the receiver into the space M. At the third stage, the 
oylinder gradually com presses the gas within the diminishing space, 
and also allows air from the receiver to fill in the space N (Fig. 219). 
At the fourth stage of operation, all entrapped gas is pressed out 
through the outlet port (Fig. 220). Thus with continuous rotation, 
the gis is gradually transferred from the receiver to the outside almos- 
phere. The whole apparatus is immersed in machine oil in a rectan- 
gular metal box B so as to make it air-tight from atmospheric air. 

Te is evident from the principle of pumping that with each revo- 
lution of the shaft, the amount of gas in space M is forced out 
into atmosphere. So it is not possible to make the receiver absoluie- 
ly vacuous, but the limitation of pumping depends upon the pres- 
sure acting on the valve at the outles. If the pressure outside the 
vilve is the atmospheric pressure, as in the case when single pump 
is worked, it can evacuate & receiver up to a pressure of 107? mm. 


of morcury. But if the pressure outside the valve is kept lower than 


the atmosphere the degree of evacuation is much higher. _For this 
} t pump or the 


reason a two-stage pump is frequently used. The firs 


fore-vacuum pump creates a pressure of 1072mm. of mercury just 


before the outlet of the second pump which is connected to the 


receiver. Such a two stage pump as shown in figure 916, can eva- 
cuate down to pressure of 10-* mm. of mercury. 

Units fo: Low Pressure—since any rough suction pump is able . 
essure less than that due to column 
of mercury of height of 1 cm. it is customary to denote such a 


pressure in terms of height of mercury in millimetres. Thus one 
millimetre height of mercury corresponds to 8& pressure about 1333 
13°59 at OC and 


dynes per sq. cm. taking density of mercury to be 


9=980'6 C.G.S. units. Moderately low pressure jg measured in 
i of mercury (1°33 


are measurad in terms of a 
press ire of 000031 em. is equivalent to 9 pressure of 31 H# of mercury. 
*|53. Vacuum Brake System—Air pressure is conveniently 
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RA N 
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utilised to arrest the motion of automobiles whenever necessary. 
times employed in 


Fig, 221 represents a vacuum brake system some 
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railways and tram cars. Stout curved pieces of steel called brake 
shoes $ are fixed near the rim of every wheel with a very small 
clearance between them under normal condition. These shoes can 
be operated by system of levers L and M and can be pressed hard 
on the wheels. The mechanism of action of the levers is as follows: 

The chamber C, known as the vacuum chamber is normally placed 
under the carriage. There is a piston P dividing O into two compart 
ments. A ball valve V fitted at one corner of the piston (shown 
enlarged in Fig. 222) allows air to pass from the upper to the lower 
compartment but not in the reverse direc.ion. The piston moves over 
a rubber ring G and is so. air-tight. The lower compartment is 
connected to a system of pipes TT running through every bogey 
composing the train. This pipe is called train pipe. One end of 
this air pump fitted at the engine, When the pump of the engine 
is worked continuously, a partial vacuum is produced within both 
the compartments of the vacuum chamber of every kogey. The weight 
of the piston and its accessories is sufficient to lower the piston P 
down. A downward displacement of the end M of piston rod causes 
the end O of the lever to move to the left side and to make the 
wheel free from brake pressures, 


The valve E (Fig. 221), connected with the train pipe, can Le 
opened by pulling a chain provided within the bogey, called the 
alarm chain. When the alarm chain is pulled the va've E is forced 
open and immediately the lower compart- 
ment of the vacuum chamber is filled with 
air pressing the piston up. The upward 
motion of the piston works the lever in 
the opposite direction forcing the brake 
shoes on the wheels. For an indication, 
2 flat tar is coupled with the chain in 
every bogey and this bar projects out 

Fig. 222 when the alarm chain has been pulled. 

l Once the alarm chain is pulled from & 
train, it takes sometimes to re-evacuate the chamber before the engine 
can start again. A small displacement of the end of the lever O to the 
right pulling the lever rod L for brakes to work is also shown in figure. 

The Westing House automatic brake, similar in principle, works 
by compressed air which pushes the piston up when a valve is 
released. Air is compressed under high pressure in a reservoir under 
the engine and this reservoir is connect d to the train pipe through 
a valve. The opening of the valve fills the lower compartment of 
the chamher O with air at high pressure raising the piston and 
Pressing the brake shoes on the wheels, To release the brake another 
valve is opened and the compressed air escapes to atmosphere lower- 

the piston. The usual hissing of the electric tram cars at the time 
of staré is due to the escape of compressed air to the atmosphere 
through the release valve. In motor cars, there is a hydraulic brake 
system which has proved very efficient. It works on the principle of 
hydraulic Press system which converts a small force into a large force 

the displacement of a liquid from a narrow pipe into a large pipe. 
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154. Condensing or Compression Pump—This is used for com- 
pressing sir into a closed vessel called the receiver. It consists of 


barrel AB (Fig. 223), provided 
with an air-tight piston P, 
which can be moved in or out 
by suitable handle. The end 
of a barrel may be connected 
through a stop-cock to the 
vessel into which air is to be: 

compressed. Tho stop-cock is Vig 245 Gorprosnlon Ramp : 
closed when the required degree of compression has been attained.: ; 
The piston and the end of the barrel are provided with valves E and 
F both of which open towards the receiver. 

Action—Let us start with piston at the end of the barrel towards: 
the receiver, As the piston is drawn out during the backward stroke, 
the space between the valyes E and F increases, so that the pressure: 
therein falls. The valve F is immediately closed owing to the excess: 
of pressure of the air in the receiver. ‘The atmospheric pressure . 
opens the valve E and the barrel is filled with air at the atmospheric. 
pressure. 

As the piston moves inward during the next forward stroke, the: 


air within the barrel between the valves is compressed. The inside 
i sure when the 


becomes higher than that of air in the receiver, F is pushed open 
and the air in the barrel is forced into the receiver. ‘Thus at the end 
of each outward stroke, the barrel is filled with some air at the 
atmospheric pressure, which during the next inward stroke, 1s forced 
into the receiver. Therefore the density of air within the receiver 
becomes higher and higher with number of strokes. 


Degree of Compression—The density and pressure of air in the 
be calculated in the 


receiver after a given number of strockes can 
following way : 
Let the volume of the receiver with that of the connecting tube- V 

Volume of barrel between extreme positions of the piston =v 

Density of atmospheric air at the time=P £ 

Suppose the air in the receiver bas initially the same pressure 
and density as those of atmospheric air. It is evident that at the 
end of each forward stroke a quantity of air of volume v and of 
density p and so of mass vp is forced into the receiver. 

Now mass of air initially within the receiver = VP 

Mass of air forced tnto the receiver by ^ strokes = vp 

total mass of air in the receiver after 7 strokes= Vp + nup. 

As the volume of the receiver remains equal to V, let pn be the". 

density after m strokes. Then 


Ven=Votnvp, whence ps— (1 we p 0541) 


ERES a 


| 
| 
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The foraing of air within the receiver raises its temperature a 
fibtle higher. After waiiing for somewhile the temperature is brought 
down to tiat of surrounding. At this stage Boyle’s law holds good 
and so the pressure is proportional to the density. Hence, it the | 
pressure of air initially in the receiver be P and that of the air 
inside after n strokes be P, then, 


P.- (1 + En (1548) 


If the air in the receiver was initially at the atmo:pheric pressure, 
then the pressure of the air inside after m strokes is 


P,= (1 aR 2) atmospheres, 


155. Different uses of a Condensing Pump—The ordinary 
football inflator (Fig. 224) is a common example of condensing pump. 
Within a barrel works a piston N connected with the rod R to the 
handle H. The valve at the piston head is replaced by a cup-shaped 
e UE ‘desc of leather, called cup valve or washer. The piston disc is a 
WI ` Tittle smaller than the barrel of the pump. Daring the inward stroke, 
TRE LU the washer expands due to the compressive reaction of inside air and 
fits air-tight within the barrel. When the pressure of the compressed 
air within the barrel becomes higher than the pressure within the 
Il receiver, à light ball valve V at the nozzle of the pump moves io ihe 
ll tight to make room for air to pass into the receiver. A perforated 

diaphragm D dogs not allow the ball valve to move too far. During 


zw D 
p. S 


|| | | Fig. 224 Fig. 225 
| | 
| 


| 4 
| all the time of the inward stroke, air from outside enters into the 
‘left part of the barrel through the port hole of the handle.  Duria£ 
| | the outward stroke (Fig. 225), the volume of the enclosed air within 
aii the receiver in trying to expand forces the ball valve to sit sir-tight 
HI into the conical hole and so the entrapped air cannot leak out. The 
AMI space between the Piston and the nozzle becomes partly vacuous. 
1 | The atmospheric air then forces its way through the sides of the 
| | washer filling up the space. For the next inward stroke, some air 
iis again forced into the receiver. 
Figure 226 shows a bicycle inflator, which is essentially the same 
fi | ‘28 a football inflator, but instead of a valve at the nozzle O of the 
| 
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Fig. 226 Fig, 227 


pump there is a separate attachment of an air-tight valve-tube as 
shown in figure 227, The compressor as usual consists of cylindrical 
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barrel B, in which works a piston N with its leather washer W, a 
fixing dise G and the pi:ton rod R wich its handle H. The nozzle 
is provided with a screw thread to which the screw cap of a short 
rubber tubing can be fixed air-tight. The other end of this tubing is 
screwed to the end O of the valve tube permanently attached to the 
tube of the wheel. The valve tube (Fig. 227) consists of a narrow 
metal tube U closed at the extreme end and having an opening E 
at its side. It is preserved in an outer metal casing T. There is a 
rubber cylindrical jacket R covering the valve tube. 


When the pressure of the compressd air forced by the pump into 
the space around O exceeds that on the other side of the rubber 
cylinder, the flap of rubber at the opening E is raised up and air 
is admitted into the tube, But when the handle H is drawn out, the 
pressu ʻo around O falls and air from the tube of the wheel, in an attempt 
to force its way through E, tightly presses the gap on the hole and 
closes the opening. Hence, with a continued operation of the handle, 
more and more air is pumped iato the tube. This inflated tube rests 
within a thick India rubber tyre called tho Pneumatic tyre. The 
compre sibility of the enclosed air helps the wheels to pass undevia- 
tad over obstacles ; while due to the expansibility of air, the tyre 
regains its original form after being depressed. 

Air Cushion—This consists of a hollow bag of rubber sh3et with 
a small mouth at oae side fitted with a stop-cock. By means of a 
condensing pump air is compressed into the bag to the required extent 
when stop-cock is closed. Owing to its compressibility and expan- 
sibility, the enclosed air serves as the cushion. An sir-gun may be 
regarded as a condonsing pump without any valve. By & mechanism, 
the air in the barrel is suddenly compressed, This air is being 
released works upon a spring which throws out the shot. 

Oil-S:ove—In stove and various lamps in which oil vapour burns, 
the oil pot is designed to leave some space aboye the oil level. A 
small condensing pump P is fitted 
with the pot (Fig. 998). There is an 
air-tight key K, which can keep air 
entrapped within the pot when neces- 
sary, Air being pumped into the pot 
bubbles through the oil and is stored 
at its upper part. The pressure of 
air forces the oil to rise along the 
pipe N to the jet-tube J. There is 
coiled wire gauge within the tube, 
through which the oil has to run up. 
It this wire gauge is sufficiently heated 
before the first circulation of oil, 


_ then the oil in course of reaching the Fig, 228 


Jet is converted into vapour. Tae oil iis 

Yapoir rebounds at the burner B and circulates within the funnel. 
The hoat of the burner is sufficient to ignite the vapour which burns 
ab its mouth. Compressed air is used in spray painting, in driving 
boring machines, propelling torpedoes, ete. The Soda-water machine 
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is practically 2 condensing pump. Carbon dioxide gas is taken from 
the reservoir in which it is generated and then forced into a bottle 
contaising water. This gas is absorbed by the water, which is said 
to be aerated and this water is called soda water, All the machines 
described in this Article work on the principle of utilisat'on of the 
power of air. 


Diving Bell—It is used to enable a diver to go down to & great 
depth under water to lay the foundation of pires or do some such 
work there. It consists of a heavy cylindrical or 
bellsbaped iron vessel A with rigid walls, closed 
at the top and open at the bottom (Fig. 929), 
“There is a platform attached inside the bell on 
which the worker can take his seat. It is lowered 
into water by means of chains O with the open end 
downwards and it sinks under its own weight. 
The air inside is compressed and water rises slowly 
inside. Thus taking the height of tbe water !aro- 
meter as 84 ft. the air inside the bell would be 
under a pressure of 2 atmospheres at a depth of 
34 ft, and £o its yolume would be reduced to half. 
Evidently, this will be inconyenient for the workmen inside. 


Nowadays to keep down the water at a convenient level inside 
the bell and to supply the workmen freely with fresh air, air 18 
pumped into the bell through the tube P at its top by a condensing 
pump above. A second tube leading from the bell to the surface 
carries away the foul air from inside. In recent time a type of 
diving suit has been devised which can easily withstard water pres 
sure down to the depth of several hundred feet without any dis- 
comfort of the diver. In going further lower to ocean bed, an 
improved type of diving bell, known as 2 Batbyseope ic used. 
Examples : 

1, Tho barrel and recelver of a condensing pump have capacities of 75 ce 
and 1000 c.c. respectively. How many strokes will be required to raise the 
pressure of the air In the receiver from one to four atmosphere: ? 

[O. U.—1945 ; Gau. U.—1952] 


Fig, 929 


Ans, Let the required number of strokes be m 


Then 4= (1+, whence n=40. 
3, A bottle whose volume, is 500 c.c, is sunk mouth downwards below the 
surface of a tank containing water. How far must it be sunk for 100 c.c. of water 
to ran up into the bottle? The height of the barometer at the surface of the 
tank is 760 mm, and the specific gravity of mercury is 13'6. 
` (Pat. U.— 1948; Gau. U,— 1955] 
Ans. The volume of air inside the bottle when 100 c.o. of water rushes in, 
is 400 o.o. If the pressure of the air within the bottle be now P then from 
Boyle’s law Px 400=76 500, whence P=95 oms. of mercury. 
Henco, pressure due to water=(95—76)=19 cms. of mercury 
-1:/X13'6-258 4 cms. of water. 
.'. the bottle must be sunk to a depth of 2584 cms. under water. 
8. The volume of the receiver in a condensing air-pump is 10 times that of 
the barrel Calculate the number <f strokes necessary to raise the pressure of alt 
in the recelver to 5 times that of external air. [Utkal U.—1953] 


-ART. 156 AIR PRESSURE MACHINES 931 


Ans, If Pa be the pressure in the receiver after nth stroke ani the atmos- 
pherio pressure is P then PalP=5. Again the ratio of the volume of the receiver 
4o that of the parrel=V/v=10. Then from eqn. (154,3) 


Pa 1521472 214 2, whencen- number of strokes — 40. 


4, A cylindrical diving bell 6 ft, high, is lowered into water until the top of 
tha bell is 31 ft. below the surface of water. If ths height of the water barometer 
at the time be 34 ft, find to what huight water will rise into the bell. If the 
eross-section of the bell be 10 sq. ft. find how much air at a&mi»spherio pressure 
must have to be introduced into the bell so as to keep away water from entering 


into it. 
‘Ans. Lot the water rise into the bell up to æ ft. from the top. 
Then the pressure of the air inside is equal to that of a column of water of 


helght equal to (84+31+2) ft. = (a+ 65) ft. 
The original and final volumes of ait in the bell are proportional to 6 and « 


1, 

6x 24 7 ala +65) or, g? +650—204=0, whence w=3 ft. or, —68 ft, Bince a 
negative value of 9 is absurd, wa have to accept the positive value of z to be 3 ft. 
Original volume of ait in the bell=60 cu. ft. and initial pressure —84 ft. 

When the top of the bellis 81 ft. under water and all water entering it is kept 
away, pressure of air inside =(34+31+6)=71 ft. water. 

Let the volume of air introduced under atmospheric pressure =v ou. ft. 
Then 34(60+v)=71 x 60, whenoe v= 558 ou. ft. 

#156, Pressure Gauges—In order to know how much an 
air-pump can evacuate or Compress air into a receiver, we have to 
use a class of apparatus which indicates the pressure of the residual 
gia within a receiver. Such a pressure m asuring device is called a 
pressure gauge. There are various types of the instruments designed. 
for different ranges of pressure 

Siphon Gauge—lt consists of a glass tube, ABCD, one limb CA 
of which is straight while the other limb D is bent at the top and 
is connected to the receiver (Fig. 230) The U-tube is about half- 
led with a suitable liqui such as mercury oil or A 
water and i: fixed vertically to a stand fitted with 3 
a scale. When the pressure to be measured is either 
a little above or below the atmospheric pressure, the 
end A i: kept open. I! the pressure, within the 
receiver is equal to the atmospheric pressure, tke 
column of liquid has at its end the same pressure 
and hence the free surfaces of the liquid within the 
U-tube are at the same level. But if the pressure 
within the receiver becomes higher, it would push 
down the level at D causing the other levles at C 
to rise up. If, in the steady condition, the difference rais 
of level in O and D be ^ ent. as recorded by the 18 
soale attached, then from the law of hydrosatic pressure 

Pressure within receiver =h pg + atmospheric pressure ; where the 
density of liquid used is p and acceleration due to gravity is 9. 


Thus the difference between the gas pressure ‘and atmospheric 
of the levels. When the 


the level at D goes 
the difference of the pressure being also hpg. 
would be constant and hence 
r would be the difference of 


up and O down, 
For a given difference of pressures, hpg 
lighter is the liquid used, the large 


M 
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levels, Thus a lighter liquid is more convenient to measure a small 
difference of pressures. 

When the pressure to be measured is high, say up to 5 or 10 
&ümospheres, the limb © is closed at the top and the part AQ 
contains soma dry aic. As the pressure within the receiver ig 
inc.ease1 the liquid level ia D is depressel and that in © is forced 
up, so that air enclosed between AC is gradually compressed. When 
the temperature remains faicsly uniform and assuming that the bore 
of the part AC is uniform, we oan apply Boyle's law to the resulting, 
pressure. If the length of the air column in AC is /, when the two levels 
are same under atmospheric pressure P and if the length of the 
column conracts to la under a pressure Pg then from the Boyle's law 


PIS Pukey whence P; =P, ...(156,1) 
2 


Tf, at this stage, the difference of levels of the liquid be h, then 
the gas pressure within the receiver Pg+hpg. For example, suppose 
that mercury of density 13°69 gm./o.c. is used as the gauge liquid and 
lı is 30 ems. If on connecting the receiver ls becomes 8 cms., then 
the pressure Pa within the closed end ia 80--8—3'75 atmospheres, 
If the barometer shows the atmospheric pressure to be 75°14 cms. 
of mercury, then Pg —3 76 x75'14 cms.=281°775 cms. of mercury. 
If now the difference of the levels of the mercury column be 4319 
ems, then the gis pressure within the receiver is 281 771--4312— 
324°895 cms of mercury. 

McLeod Gauge—This pressure gauge was designed by McLeod 
in 1874 and is used extensively in measming very low pressures 
which are far beyond the scope cf a Siphon gauge. The apparatus 
consists of a closed top calibrated gl s3 capil'ary tube B of about 
ő mm. bore and of length abqut 50 cms. fixed at the top of a 
D cylindrical glass bulb of capacity 200 c.c. to 500 
c.c. (Fig 231). The bulb at its lower end is 
con ected by a uniform gliss tube extendirg up to 
E. Another capillary glass tube with open end at 
D is ccnnected just below the cylindrical glass bulb 
and is about a metre in length, The two capilla- 
ries run vertically alongside a metre scale ( not 
shown in the diagram ). A rubber tubing is connected 
at E and its other end is in communication with a 
mercury reservoir F, The reservoir can be placed 
at any height by suitable clamping arrangement. 


Tce end D is connected to the receiver whore 
pressure is to be measured and so long as the 
receiver is not atiaining a uniformly low pressure, 
the reservoir F is lowered sufficiently, so that mercury 
level in the tube CE is below the poinit C. At 
this stage there is a free communication of pressure 
of the receiver to the bulb and the capillaries. 
Satie Now the reservoir is slowly raised and when the 

E level of mercury is above the point C the reservior 
iscut off from the Llulb. The reservoir is then raised more and 
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more till mercury fills the tube and reaches a point B in the closed 
capillary. The mercury in D would remain at a higher level simply 
because after the bulb is cut off from the receiver by the mercury 
column, any compression of the residual gas in the closed tube 
obeys Boyle’s law,—pressure inside increasing as volume is compres- 
sed, But mercury within the other capillary rises against a constant 
pressure of the source. 


It V represents the volume of the bulb and the closed capillary; 
vo the volume of 1 mm. length of the capillary and a the length of 
the enclosed air column and A the difference of levels in mm. of 
mercury within two capillaries, P the receiver pressure in mm. of 
mercury, then remembering that at the cut off point volume of the 
gas is V and the pressure is p and applying Boyle's law we have, 


ü pth. V ARNI 
pV =avolp+h) or, PEA or, l+ 373 
whence bu = te very approximately ... (156, 2) 
m o 


Suppose that h=1 mm., avg =5 cu. mm. and V —500 c.c. =5 x 10° 
cu. mm. ; then substituting in the equation, the pressure recorded ig 
1075 mm. of mercury. Pfund has constructed a most sensitive form 
of a Mcleod gauge capable of measuring pressure of 307-7 mm. of 
mercury. Very lately the gauze has been further modified to read a 
pressure of 107° mm. 

Limitation of so-called Vaeuum- It is nob very definitely known 
what is exactly the highest possible vacuum reached till the present 
time, With a very best type of pump and pressure gauge the lowest 
pressure recorded so far is about 107° mm. with a flickering value 
of 1071? mm. of mercury. For a steady and continuous working of 
a pump, a receiver shows a constant pressure of 107? mm. So it is 
safe to say that a pressure of 107° mm. is always under our control. 

e may now calculate how many molecules of the gas are still present. 
per unit volume of the receiver at such a low pressure. From 
Avogadro's law of gaseous volume and from other evidences, we now 
know that at normal temperature ard pressure 1 cubic cm. of a gas 
contains 3 X101? molecules. From this if we calculate the number 
of molecules in unit volume still present ab pressure of 1075 mm. the 
number comes out to be nearly 390 million. Thus perfect vacuum 
as speculated by early philosophers is still remote. 1 


EXERCISES ON CHAPTER XII 
Reference 


1. Why !sit not possible to raise water head more than 94 it Art, 143 
ly means of a suction pump? State reasons and give calculations. 
(U. P. B.—1961 ; Dao. U.—1953) 


9. The spout of common pump is 7 ft, above the level of water Art, 148 
in a well The diameter of the piston is 4 inches. What is the 
force on the piston rod when the pump is working? Weight of 
lcu, ft. of water is 62:5 lbs. 

Ans, 881 lbs.-wt. 
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Raterence 
Art, 145 


Art. 146 


Art. 146 


Art, 146 
Art. 149 


Art. 143 


Art. 149 


Art. 149 


Art. 149 


Art. 149 


Art. 149 


Arts. 
1349 & 154 


Art, 152 
` Art. 164 


Art. 154 


Arts. 


154 & 165° 


Art. 155 
Arts. 
162 & 166 
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8. Draw the sectional diagram of a force pump capable of deli- 


vering a continuous supply of water. Explain how it works. 
(Cf. Pat. U.—1966 ; Utkal U.—1952) 

4, A siphon is used t3 empty a cylindrical vessel filled with 
mercury. The shorter limb of the siphon reaches the bottom of 
vessel which is 45 inches deep, but it ia found that the mereury 
ceases to run before the vessel is empty. Explain this. 

(Dac. U.—1980) 


6. Explain the principle and action of a siphon. 
(Utkal U.—1952; Pat. U.—1963 ; C. U.—1957 5 
U. P. B.—1916 ; Del. H.8.—1960) 


6. Describe a filter pump and explain its mode of action, 

(U. P. B.—1956 ; Raj. U.—1959) 
7. Describe an air-pump and explain its action. 

(Vis. U.—1955; Cf. Raj U.—1962 ; Gau. U.—1958; 
O. U,—1957 ; Pat. U.—1902 ; U. P. B.—1952; 
Of. E. P. U.—1909) 
8. Describe with the help of a clear diagram a pump for lifting 
water from a well about 15 ft. deep. What trouble will be experienced 
if the depth of the well exceeds 80 ft. (U. P. B.—1955) 


9. Ifthe barrel of air-pump is one-third the size of the receiver, 
what fractional part of the original air will be left after 5 strokes ? 
What will a barometer within the receiver read, the outside pressure 
being 76 oms. ? (Ga'i. U.—1963) 

Ans. Aii, ; 18 oms, (nearly) 


10. If the pressure in a pump were reduced to j of the atmospheric 
pressure in 4 strokes, to what extent it would be reduced in'6 strokes ? 
Ans. 0°192 of the initial pressure. 


11. The volume of the barrel of an air-pump is 1/5th that of 
receiver. Find after how many strokes the density of air in the 
More a be reduced in the proportion 125 : 216. (Vis. U. -1955) 
78. 8. 
12. The contents of the receiver of an exhausting air-pump is 
6 times that of a barrel. Wind the pressure of the airin the receiver 
at the end of the eight strokes of the piston, when the atmospheric 
pressure is 15 1b. per square inch, (Utkal U.—1951) 
Ans. £37 1b.[sq. in. 
13. Describe a double-barrelled air-pump and explain its action. 
(0. U.—1948 ; *63) 
14. Compare the pressures in the receiver of condensing and 
exhausting air-pomp after the same number of strokes, and account- 
ing for the fundamental difference in form of the two expressions, 


(Gf. O. U.—1958 ; Pat. U.--1952) 


15. Explain the aotion of a rotary oil pump. (E. P. U.—1959) 
16. Describe in detail, with a diagram, a condensing pump and its 
mode of action. (Utkal U.—1951; 0. U.—1958) 


17. The volume of the receiver in a condensing pump is 95 times 
that ofthe barrel. Find after how many strokes the pressure inside 
the receiver will be increased from one to three atmospheres, 

Ans. 50, as 
18. What do yoi'mean by a compression pump ? Give two 
common examples. Desorlbe with a diagram, the working of an 
ordinary bicycle pump and the action of the value in the bicycle 


tube. (Gau. U.—1952) 
19. Write a note‘on Diving Bell? (Utkal U.—1952, '64) 
20. Explain how would you produce and measure a high vacuum. 

escribe some uses of high vacuum, R (And. U. -1951). 


CHAPTER XIII 
APPLICATIONS OF VECTORS IN MECHANICS 


1. Vector and its Representation.—We have made a preliminary 
| reference of a vector quantity and its fundamental difference from a 
Jjhscalar quantity in Art. 21. We shall make a more detailed study of 
a vector quantity in this Chapter. A vector requires for its specifi- 
cation, (i) a unit of some kind, (ii) a number or a numeric 
giving the magnitude of this quantity in terms of this unit, 
‘which we often call the size of the vector and (iii) an indication of 
adirection. In this sense quantities like displacement, velocity, force 
etc. occuring frequently in Mechanics are vectors. Scalar quantities 
have magnitudes only such as a mass, distance, time, etc. 


Mathematical Representation.—Since a vector is a directed, 
quantity with some physical unit, it may be represented by a 
straight line of some specific length such as AB representing 

-> 


its magnitude with an arrow-head over it in the form ‘AB to 


Ly 
signify its direction (Fig. 1). 1f AB be of length M, then M 
may repersent the vector along the specific. direction. In some 
standard Books a Clarendon type is used to represent a vector which 
includes‘a magnitude and direction with proper units. The magnitude 
M of the vector is called the JS BE do : 
size or modulus of the vec- N Q 
tor. In fig. 1, if the moduli R-2 
ofthe vectors AB, CD and Ww B 
PQ be represented by M, N . 

and R, then these vectors 

can be represented by any . 8 P C 


: 2 > s s | 
one of the forms AB=M eden? cad v tuta 
> > > - 
=M, CD=N=N and PQ Fig, 1 
=> 


=R=R, In thisBook, the Clarendon type method of representing a 
vector will be generally adopted. .; Remember that although a 
Clarendon type vecor. is nof given. am arrow-head, it represents 
simulaneously the magnitude (size), the unit and the direction when 


placed over a straight line with an arrow-head. Ina hand-written 
the students are 


script, as it is difficult to write a Clarendon type, t 
dy 


M or AB for a vector. 


16 
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Ai 
hour represent the unit, 50.is.the magnitude and, east is the direction. 
For specification of cardinal directions a compass with east-west and 
north-south. directions is provided on the extreme left of fig. 1. Draw 
a straight line AB, of a suitable length, say 5 cm., east-west and. call 
this length proportional to 50 kilometres and put an arrow-head at 
the terminal B (fig. 1).. Then the scale to which the vector is drawn, 
is 1.cm. equivalent. to 10 | kilometres and since it is a velocity vector 
the unit of. representation, should be 1 om.=10 km./hour. On the 


iR À i 
same scale the. vector CD of length 3 cm. will represent a velocity of 
30 km./hour due north-east. For a. similar reason PQ—AR-R repre- 
seets a velocity 20 km./hour due north. lt isa general rule that vec- 
tors belonging to the same class and represented in the same diagram 
must have a uniform scale of drawing. 


Again the 3 specified directed lines (fig. 1) may represent vector of 


three. different classes, such as M representing displacement, N a 


- velocity and R a force. In such a case the unit and scale of 


each vector must, be mentioned for understanding. ij 
So we conclude this article by stating. that vectors drawn on: @ 

plane surface or'in three dimensional space must have definite] engths: 

and arrow-heàd at their terminals: . The cardinal directions east-West: 


‘ete. may not be drawn on the paper. The vector directions may be 


supposed fixed with respect to the diagram. 


2. Multiplication and Division of a; Vector by a Numeral or Scalar 
Quantity:—Since a scalar quantity possesses a magnitude with some 
unit only, it can be multiplied with a vector which undergoes à 
change in magnitude and unit but remains a vector having the same 
direction. Momentum is an example which is the product of a mass 
and a@yelocity. Here mass is a scalar quantity but velocity is a vector 
having-some magnitude-in-some units and direction. So momentum 
is a vector having the same direction as the velocity. . In this case the 
momentum vector changes its class, the direction remaining same. 
mass of 10 gm. (scalar) moving with a velocity of 20 cm./sec. due 
east (vector) possesses a momentum of 200 gm. -cm./sec. due east. 
(vector). ‘Similar example is found in product of a mass and acce“ 
leration vector which produces a force vector of a different magni- 
tude but having the same direction. Reversion from momentum to 
velocity vector requires a division of a vector by a scalar quantity. 


When a vector is multiplied or divided simply by a number, it 
retains its class but its magnitude changes while the direction remains. 
fixed. Suppose a isa number and B is a vector, then aB is a vector 
of the same class but it is a time larger than B. Division of B by a is 


the same as multiplication of. B. by y If a is greater than unity, ġ 


must be less in magnitude than B, its direction remaining the same, 
Fo rexample, if we have a force vector of 100 dynes impressed due 


. Borth, then this vector multiplied by 5 will give 500 dynes due north, 


i 


i 
$ 
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or when it is divided by 10 will: give 10 dynes impressed due north. 
This sort of division of a vector by its magnitude has given: us:an ideat 
of unit of a vector. ' EENI 
2.. Unit Vector.—Since every vector, irrespective of its class must 
have a definite magnitude, unit and direction, there must be a rela~ 
tion between the vector and its magnitude. In Fig. 2, vectors A, E 
and U are drawn. to suitable scales. Let A, E and U be the) corres- 
ponding magnitudes and units of these vectors... These italic types 
are neccessarsly scalar values of the vector quantities. Then the 
TREND d) : : 
ratios, — and —are calle n 
V p? U re called the unit 
vectors. along the. directions ofres- 
pective veotors. 


A. bes a on ile d 
Call 4738 ora; y-—e or e 


> 
and Ba or u. Then a, eand u 


are the unit vectors of the vectors’ = | «Fig, 2 Boe 
A, E and U aloag their directions. So a unit vector of any’ vector is 
defined to be a direction finder unity along the direction of that . 


-> 
vector. In fig. 1, AB is a velocity vector having a magnitude of 50 


km./hour due east and it is represented by a line of length 5 cm. 
à oa... 50 km.hour due east 
Hence the unit vector along-this direction is So km./hour .-— 
=unit due east. 


4. Co-planar Vectors.—Vectors drawn upon a plane are called 
Co-planar vectors. These vectors may belong to same or different 
classes, for example, some of them may be displacements, some may 

be velocities etc. In Fig. 3 
we have a number of co- 


^ 4 

4 $ n 
planar parallel vectors repré- 
B 8 [9] sented by B, B', B, B,, D etc. 
j Vectors may be divided into 
two groups: Some vectors 
A are fixed or localised. A 
ED Br B /? vector whose point of appli- 
cation is fixed with respect to’ 
$ a point, is called a localised 
0 "vector. Suppose that the 

1 $ : i 
Fig. 3 5 point A of the vector.AB- is. 
(fixed to a body. (fig: D It is then a localised vector. Examples of 
localised forcé vectofs are obtained in moments and couples acting 


on a body, SE | Or 


amm  É—] á8 
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It is found that as much as a motion of translation of a rigid body 
is concerned, the effect does not alter if velocity vector is moved 
parallel to itself. Again if the body is imagined to be 
absolutely rigid, it matters little if the point of application of the 
vector is shifted to any other point along its line of action. 

Parallel arrows of equal length drawn to the same scale and 
having the same direction are equal like vectors. In Fig. 3 B=B'= 
B, are all equal like vectors having equal unit -vector. ` Reversing 
the arrow head would change the algebraic sign of the vector ; 
then B=—B,=—B,. For B and B, the unit vectors are equal but 
opposite in algebraic sign. D represents a like vector of large 
magnitude. lt is important to remember that in order to be able to 
add or subtract the vectors, such vectors should belong to the same 
class. We can add or subtract one velocity vector to or from another 
velocity vector. But we cannot get the summation of one velocity 
vector with a displacement vector. : 


Ru. 

5. Addition or Subtraction of Parallel Vectors.—Let EF and 
tar ; 
AN be two parallel like vectors of the same class represented by P 
and Q (fig. 4i). To find their resultant, bring Q parallel to itself 
and put it at the head of P. (Fig. 4 ii) or alternatively bring P parallel 
to itself and put itat; the 


P 

EL ——9F i head of <Q. The resultant 
A Q N : )& vector is either P--Q or Q+P 
E P E y and may be put equal to:R 

i A Q- NI, (Fig. 4 iii). 
FOr TE ü). P EQEQFPER ... AD. 


à Re Ee WP E 1 This is like ordinary law of 
the (ii) addition of Algebra; , Siga 
ALES RUE and Q are parallel, their uni 
3 P+Q=Q+P FR vector, say ie same. Let the 
S Fig, 4 moduli of these two vectors be 
(P and Q. Then P+Q=a P+aQ=a(P+Q)=aQ-+ P) along the same 
4 direction. 

If the two vectors P and Q be parallel and unlike such à$ 
‘shown in Fig 5i, then to find their 
Lresultant, move Q parallelto itself 

and make its foot touch the head of 
"P. Sothe vector difference P—Q 


¿=EN (Fig. 5ii). Alternatively move 
`P parallel to itself and make its 
foot touch the head of Q, so that 
d > > 

“P—Q=AF Since both EN and 


> 
ZAF are equal in length and parallel 
we get P—Q=R...(5, iii). 


—- 
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Since Q of Fig. 4 and Q of Fig. 5 are oppositely directly and are 
> > 


equal in magnitude, one is +Q and other is —Q since their 
unit vectors are equal but opposite in sign. In Fig. 5, wa have 
followed the same general rule of putting the foot of one vector 
atthe head of the other. So we can state equ. (4,2) in the form, 

P+ —Q=P—Q= 59 se E: 4, 

Hereisa case Algebraic difference of the magnitudes of the two 
vectors and the difference acting along the direction of the larger 
vector. 

6. Addition of Two Vectors at an Angle.—Let P and Q be fwo © 
vectors at an angle with respect to each other which means that 
unit vectors of P and Q are different in this case. The angle between 
two vectors is measured with respect to the positive direction of each 
(Fig. 6). To add them, vectorially shift Q parallel to itself and set its 


Fig. 6 Fig. 7 " Fig. 8 
foot on the head of P (Fig. 7). Join a straight line from the foot of P 
to the head of Q and give an arrow head towardsits positive 
direction. This is the resultant vector R (refer to: Art. 25, 


; zi t À A 6,1) 
noO P+Q=R -07 adiu 28a silio (6, 
In this py ordinary Algebraic: addition will be incorrect, since 
for ordinary geometry,the sum of two sides of a triangle is greater 
than the third side. 1f, however, the moduli ofthe three vectors are 
represented by P, Q and R, it can be shown by’ the: parallelogram law 
(Art 24) that 

R2=P2+0?42PQ eos 4 : I male 

Q sina ; MALAE 

P-FQ cos a 


which give the magnitude of the resultant 


with respect to P. 1 
In this case also the law of assoeiation holds good. Shift P 
parallel to itself and sct its foot on the head of Q (Fig. 8). Join the 
foot of Q to the head of P'by a straight line and give and arrow-head 
along. the positive. direction. This is the resultant vector R. By 
symmetry, this resultant is equal and parallel to R of Fig. 7. "T 
LOOQEPEPTQ-R 2 : La id 
The angle between P and Rin this case 18 also «, an similar | 
equations between their magnitude and direction as those of jean 
(5,2) will hold good. Equation (5,2) can also be proved from the 
unit Vectors, say a and b of P and Q from the scalar multiplication 


of vectors (vide Art 10).. 


and tan 0— 


vecter R and its direction 6 
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7. Addition of Three or more Vectors.—The process of addition of 
„vectors by triangular method may be employed for any number of 
s - „vectors having different directrons. In 
Fig. 9 we have three vectors P, Q and R. 
The fourth side of the quadrilateralwill 
be the resultant vector S with the arrow- 
head in opposite direction as shown. To 
prove that join OB with an arrow head. 

> E 
Then P+Q=OB. Now, OB+R= 


-> 
PHO+R=0C=8S. ..(1,l) 
Alternatively, we can join AC, then 
=> 


= 
Fig, 9 AC=Q+R and P+AC=P+(Q+R) 
d > 


—OCzS. ..(72) 
So, (P+Q)+R=P-+(Q+R). Therefore, we conclude that the 
addition of any number of vectors obeys the Law of Association. 


8. Subtraction of Two Vectors at. an Angle.—Vectorial subtraction 

is a relative term in the sense that addition of a negative vector is à 
B aid i — 

*subtraction.. In Fig.10, when the vector AB=P is added to the vector 

ow — 


Q i BY 52 > 1 
<BC=Q to get the resultant vector AC—P---Q ; then a vector BD3just 
> q 
‘equal and opposite to. BC will bea vector —Q. Adding P to..—Q, 


x yo tti e Hew D 
swe get as usual, ithe resultant vector :AD=P—Q. The difference: of 
<P and:Q may be less or . tig 
"greater in» magnitude 
than the summation of 
the same two vectors, 
» (according to the 
relative position of the 
two vectors. In Fig. 11 
“the summation of P and 
.Q is shown to be less 
“than their difference. This 
"paradox is explained by ; : 
the fact that when“ the Fig 10 Fig. dic 3 
"angle between the vectors (angle « between: their positive directions) 
3s obtuse, the effectiof one vector is ‘partially neutralised by the other 


"in course of addition as in Fig. 11. “So in subtraction the resultant is 
“larger in magnitude. 1 


- 9». Vector Application in Locations.—There are various methods 
Of locating the positions of an object by vectors lying on the same 
plane or on different planes. ; 5 
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(i) Point Source? Radius Veetor Method. All ‘that’ is needed 
in this method is a point of obsefvation for example an observation 
station O, (Fig. 12). Distances from’O to the ends of each vector 
are measured by geometric method or by wireless, signals in 


ease of rocket flights and the angle between successive vectors is 
measured. These distances are called radius 


—— 3 
vectors. Let AB, BC, CD ete. be successive 
> > 


displacements of a moving body. Let OA, OB, 


=> 


oy 
OC be the radius vectors from O. Then OA+ 
— 


> > m 
AB=OB. Vectors OA and OB being known, 
-> 

| AB is found in magnitude and direction. 


Fig. 12 


> EON 
Similarly, OC being known BC is found. 
: ore ean eared > 

Computing in this way, vectors AB, BC, and CD the resultant AD 
is found. Since such a measusement is independent of a station 
chosen, we may say that the vectorial measurement is independent 
of any system of co-ordinates. The method of measursement depends 
‘upon the solution-of triangles. ' [ilustrations ‘of applications of ‘such 
method are found in Echo-depth sounding, Location of moving air 
Craft by Radar, location of tumors on! a ‘human body) by Sono- 
graphy etc. gt n AR X tole l Buh 
(ii) Rectangular Co-ordinate Method.—In the. previous method, 
wehave tofind the resultant vector by solution of triangles either 
directly or indirectly. When the number of -coplanar Vectors 3s 
more than. fout or five; it is tiresome to find the- resultant in magni- 
tude and direction by ‘vector triangles. For vectors;on à plane 
surface, itis convenientto get the vector sum by resolving all.the 
coplanar’ vectors along two rectangular axes On- the. plane and 


then combine these tnto a single vector.» 


Y 


H ye st. X 


$ Ds € 
er | 

AERE ; 

X 


" 


Fig. 13 Fig. 14 Fig. 15 Ra 

_ Let P, Q and R be three co-planar vectors of the same class 
(Fig.13). Draw a. pait of rectangular axes along any arbitrary 
direction on the plane designated by X'OX and. Y. OY, as is usually 
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done on a graph paper (Fig. 14). For convenience let P coincide 
e : 


with OX and be represented by OA. 
— 
Slide Q parallel to itself until it coincides with OB. From B drop 


Es 
a perpendicular BF on OY and BE upon OX. Then OE is the 
: — > > 
x-component of Q and OF is the y-component of the vector Q. In 
‘ =p > > 
a similar manner bring R to the position OC and let CH and CG be 
the x and y-components of this vector. Then the vector sum of P, 
E > => > 

Q and Ris equivalent to OA+-OE—OH along x-direction-ând 
> => > > 
OF-+OG along y-direction. Let their sums be OL and OK to be 
represented by S, and S,. (Fig. 15) 
; >_> e > — 
i» Then OV —OL--OK —OL--LV. 

If the magnitude of the resultant be S. 

Then $—y/$,3.L$,3 


cow S 
- and the inclination 0 of the resultant is given by tan 6— s \ (9,2) 
Lj 
It is customary to write the sum of the components along OX as 
Xx and that along OY as Xy. So the resultant in magnitude is 


given by Jyx3-- 2y3 and the 
direction 0—tan^* y, 
f =x) 


10. Three Dimensional Co- 
ordinates—When vectors do not 
lieon a plane their vector sum 
can be found either by point 
Source and, radius vector 
method, or ,by Cartesian 
Three Dimensional Co-ordinate 
System*. The position of a 
point in space can be determi- 
ned by measuring the perpen- 
dicular distance of the point 
_from three rectangular planes. 
~ Let there be three rectangular 
planes XOY, YOZ and XOZ, 
meeting each other along th e Fig. 16 


Ip * There is also another method of projecting the vectors on a plane and finding 
their resultant On that plane. But this method is not dealt with in these preliminary 
‘discourses onthe vector, ^. i 


| 


EB" | 
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respectively, then these three distances will uniquely determine the 

position of P with reference to the planes. The distance DP of the- 

| point P from YOZ plane is denoted by x, dista nce FP from XOZ. 
plane is denoted by y and distance BP from XOY- plane by. 
These are the co-ordinate values of P. and is denoted by P(xyz) By 
geometry it can be proved that DP-OA-», FP=OC=y and BP— 
OE=z where three perpendiculars PA, PC, and PE are drawn on 
three co-ordinate axes. The point. O is the origin of the axes and 
OP is the distance of P from origin. Thus the position of P. is 
unique.y defined by writing P(x, y, Z): 

um The distance of P from the origin O is given by, $i 

| OP? — PB? --OB? (since PBO is a triangle right angled at By sm 

—Pp2--AB2+0A® (Since BAO is a right angled eee 

5.3 at 


=z? y?y? | y 
If OP is denoted by R, then R=Vx? + ye +2? 


NU 

To get the direction of OP with reference to axes, of co-ordinates, 
we have to- know the angles made by the line OP with the axes. If 
ZLPOA=4, LPpoc=s and L POE=?, © CEIR vi O S 

Then cos<=%, os b= and cos Y=% 

These are respectively called the direction cosines of 
to the axes and are designated by /, m and mn. | 

Now, R?=x?+y*+2? ze p i 


or, Ey gilet m- m 


Thus OP=R is knownin terms of co- 
consines. : 
Further from equ. (10,3). 


(102) 
R with respect 


£. (10,3) 


ordihates and directions. 


2 2 2 
1= ug LE moosh d coit costo +7 +n? ... (10,4) 
which gives a relation between the di 


vector OP drawn from the origin. j 

Length of a line whose base is not at the Origin—Let a straight 
line be placed on the space co-ordinates such that. one end point has 
co-ordinate (x,y1Z1) and the other terminal point has co-ordinate 
(Xayaz3) The length r of the line in terms of the co-ordinates 1S. 


given by, ER TR 
r= V [Gs x93 -Os 13 a T. s , 
The direction cosines of this line are given by, : 
Xi— Xs cos 4 ; 2222-005 B and ad 2. (1057) 

s y Vo GEO y 98911 


rection consines of a radius. 
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11. Orthogonal System of Vectors : Unit Co-ordinate Vectors :— 
"We have already seen that any number of vectors can be added and 
‘their resultant can be found by the polygon method. Even if these 
"vectors do not lie on the same plane, we can find their resultant by 


‘placing the successive vectors head to tail maintaining proper direc-- 


‘tions. This will give an unclosed figure in three dimensions. Finally 
-close the figure by joining a line from the foot of first vector to the tip 


vof the last vector and give an arrowhead on this line directed away 


sfrom origin. This will be the resultant vector. 

Ina reverse way any vector can be resolved into any numbea of 
‘components in three dimensional space, so that single vector may 
"represent the resultant of all those component vectors. It is very con- 
‘ventent to compose or resolve vectors along Cartesian Rectangular 


axes XYZ, as the mathematical transformations become easy fo. 


manupulate, 


=> 

í Let OP be a vector of any class to be specified by H. At the 
"origin O of the vector let us draw three rectangular axes OX, OY and 
/OZ (fig. 17). From P draw per- 
pendiculars on the three axes at 
{poms ASC and E respectively, 
‘From the precediug theorem OA 
=H,, OC=H, and OE-BP-H, 
;üre the projections of the line OP 
along three rectangular ` axes. 
Taking.the co-ordinates of P to be 
(x,y,z) and taking H,=x, UI =), 
-and H,=z, the relation between ^ 
‘such quantities may be obtained 
(from equa. (i0,2). 


sg Now let us observe this diagram. > : 
‘from the View-point of vectors. Fig. 17 


> > 
Let OC and OE be changed into vector by giving arrow-heads 
‘along their incremental directions. Then from the polygon 
. theorem, : 
€ zr Tro — - -> — 
H=OP=0C+CB+BP=0C+0A-+-OE (L1) 

= These component vectors are mutually perpendicular and hence 
"n "ned hé 
they are called orthogonal vectors. But the magnitudes of OA, OC 


" t 2 

-and OE are H., Hy and H, respectively. In the original co-ordinate 

aie the units of measurements along the three axes must be equal 
though they are directed in mutually perpendicular position. 


— bul 
& Let OA =i H, OC=j H; and OE =k H Shore isd dk 
TAS m , ,jan are 
- dn of unit length along ‘three mutually perpendicular directions. 
‘These are called orthogonal unit vectors. "These vectors have the 
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property that multiplied by any scalar quantity or a number (such as 
H, H, and H,) they: will convert the product into vectors along 
their respective directions. ! 


-> 
Thus H=0P=iH, +j Hy +k H, 2s ani) 
Also we know from preceding Art that the magnitude of the vector 
H will bear the following relations to the magnitudes of the compo- 
nent vectors 
H?=H,? +H,?+H,? 


uA inte as 
and cos «— "o5 p= H and cos Y= H } (11,3) 


Example.—A force of 100 gm. wt. is drawn as a vector of length 20 cm, 
inclined at at an angle of 30° to the positive direction of OX and 90° to the positive 


direction of. OY. of. rectan»ular system of co-ordinates. Find the unit vectors 
along the radius vector and along the axes. id 


D 


OP 20 cm. š Y $i i isi | 
along OP; Its’ direction ‘is given by direction cosines cós'«, cos" and cos 7 
where cos?a+cos?B-+ cos? t=: ‘Now c0s;30' AD Ai $0 cos? 305235075 : F i 
cos 90°=0; so cos? 90*—0, 5: 4. cos? 1—0175--025, whence:cos jor 


-> > S , 
Ans.—1f OP be the direction of the vector, then OP —100 gm. wt. and OP=20 
cm. : ) j j 
Then QP 100 gm: Wt.. _ Siem; wt; per'em; is the, magnitude Jof unit vector 
sv overs taion e TAN Hn 


Hence 7=60°. : So OP. is inclined. to OX, OY and OZ by .305, 90° and 60° 
‘yespectively. These give the direction Bre Vecob th rop Aaa 

Again if (x, y, z) represent the términal point of OP. of length 20.cm. then its 
‘projection on X-axis is given by 20 cos 36° cm. ‘and 100 gm. wt. has the component 
100 gm. wt.x cos 30°. ARUDS i 1911574 An 


. 100 gm. wt. X Cos 30° | EE x 
i-es s co gm. wt. per cm. along Ox. 
From a similar argument j—5 gm. wt. per cm. along OY and k—5 gm. 'wt./cm. 
alongOZ. Thusi-j-k in magnitude but they differ ‘orthogonally in directions. 
12. Scalar or Dot Product of Vectors—We have seen in Chap. V, 
Art 77 that the magnitude of the work is given by the product of a 
force and the displacement of the point of application of the force. 
In this case force and displacement are both vectors but their product 
gives the work done which is a scalar, Such a product of two vectors, 
‘giving a scalar result is called the dot product of. vectors. In fig. 18, 
let F be the force vector and S be the displacement vector, then their 
dot product is expressed as S. F whatever be the angle between them. 
If we consider the vector S first and start to measure towatds F in 
the anti-clockwise direction, we call this angle positive. If farther 
the sizes or moduli of the vectors be OC and OB to be represented by 
Sand F. : Dio. 
Then S. F=S F cos 6 (in'scalar values). 4. ` (12,1) 
If again we get dot product of the vectors 1n the form F. S, then 
we come from F toS in the anti-clockwise direction, which makes 


the angle @ negative. 
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Then. F. S2F S. cos. (—6)= 
FS cos 0 (in scalar values) 

Since the two values are equal, 
we conclude that S. F=F. S. There- 
fore the scalar or dot product of 
two vectors is commutative obeying 
ordinary laws of Algebra. But the 9 
three . following special cases f 
arise : Fig. 18 


(i) When either of the vectors is zero, the scalar product gives: 
zero Value. As an illustration, when either the force or displacement 
is zero the work done is nil... This follows the ordinary. rule that a 
quantity multiplied by zero gives zero value. 

(i) “When the vectors are at right angles to each other, then 
F.S.=FS cos 90°=0. For this case Vector Algebra differs from 
Scalar Algebra. 

(ii) When the vectors are parallel F. S.— FS 3 

Therefore the magnitude of the dot product depends not only . 

- upon the individual. magnitudes of the vectors but it also depends 
upon the cosine of the angle between two vectors. 

13.. Self-Product of Vectors—When the two. vectors. are parallel 
then F. S.—FS, If the vectors belong to the same class and are equal 
in magnitude, that is when Sis replaced by F, then F. F=F? —F?. 
This is:a case of a scalar product of a vector with the same vector. 
This is called the self-product of a vector. 


Applying the law of dot product to unit vectors, i, j and k along 
, rectangular co-ordinate axes, we have, 


iici'-jj-j-kk-k*-1 de (03,9) 
Since each pair is parallel and equal. 
and ij=jk=k.i=0 Since they are perpendiculars |... (1332) 


We can now investigate the nature of Vector products of equ. 
(8,2) in which . 

H=i,+jH,+kH, . Squaring each side we get, 

H.H—-H?*—H? —(iH, 4-6 Hj 4-kH,]* : 

Sii H, tjj Hy? +k H,?+ij2H, 1, HEE2H,H, 

po +i1k2H,H, 
A S =H 4H; FH, : 7 : (13,3) 
by virtue of equs. (13,1) and (13,2) 
.. Vectorial Proof of the Parallelogram Law :—In Art 6, we found 
the value ‘and direction of the resultant vectorR of P ond Q by 
algebraic process. It can also be proved. vectorially in the following: 
manner. 
c Let p,q and rirespectively be unit vectors alon P,Q,R. Then 
P=pP, Q=q@ and R=rR. i ene 
11,5 Since Sheen oe tR=pP+q0 

mem * —(pP--qQ)— p P?-+-q202-+.2pqP 

ion RP PA 6" E 2PQ p.a. q* Q* --2pqPO 

Since self product of any unit vector is 1. and pQ-cos « 
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so R?=P?+Q?+2PO cos 4 
and tan 0 is to be found from geometry. } : 

14.. Vector Product of Vectors—In Art 44, we have dealt with 
the effect of a moment ofa force on a body. The effect of such 
forces can be handled with vectors. We already know that the 
moment ofa forceis obtained by the product of the-force and an 
arm which is the perpendicular from the point of rotation on the line 
offorce. In treatment with vectors the force is already defined to be 
à vector but the arm of the fórce is treated as a radius vector which 
may or may not be perpendicular to the force vector. So this is also a 
case of product of two vectors known as the cross product of vectors. 

Let us first define the vector product of two ‘vectors in the 
following way. The vector product of two vectors À and B is defined - 
asa third vector AX B having a magnitude equal to the product of 
the magnitudes of the vectors and : l 
the sine of the angle between their 
directions. In fig. 19 0 is the: angle 
between the positive directions of A 
and B. If the vector A is turned 
towards B through a ` given 
angle the necessary rotation must be 
anticlockwise. when sighting along 
OT, which is the positive normal to 
the plane containing AOB. If ‘the 
resultant torque be T, this is also a ; 
vector. If the unit) normal in this Fig. 19 
direction’ bé n, the value.of torque vector T—nT, where T is' the 
magnitude of the torque, A right handed “screw moved from A to B 
in the anticlockwise direction will move along thé positive normal. 
So we ean write bow 1 z 

T=nT=AXB=AB sin 0 gle 1860 i we (14; 1) 
Now, AB sinis equal. to the area of the ¿quadrilateral OABB. 
Hence the vector product of two vectors sweeps out an area known 
as a vector area whose magnitude is the area of the figure and whose 
direction is perpendicular to the area. In dealing with moment, we 

> > š el 
call OA as the arm vector and OB as. the force vector. If OB is 


— ^ i a 2 T 
shifted to AE then we have the moment of the force AE about the 


axis of rotation TOT. The quantity OA..sin 0 is the value, of the 
perpendicular dropped from O on the force AE. NT 
f > 


i ut Lt 
If however we take OB'asthe arm vector and OA as the force 
vector, then: the effect of the moment is a clockwise motion when 
j ; b. 


: > : e 
sighted along the positive normal. ' Since OA can be shifted to BE. 
In this case, we obtain the motion of a right handed screw when 
rotated from B to A in the clockwise direction. The motion of the 
sctewhead is downwards which is taken as a negative direction. of 
vector torque T. |t to nt 2181052215 OFT qmi 1 
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Then BX A=—nT=—T=AB sin (mo)==4Bsiro ... (14,2) 
Suppose that opposite to A there is a. vector —C and opposite to B 
there is a, vector .—D. What is the value of the cross product or 
vector product of these two vectors? 1f—C rotates towards —D,. it 
is an anticlockwise (positive) rotation and so the torque vector is 
positive. Ifagain -CX—D=AXB in magnitude, the combination 
represents a couple whose vectorial moment 

——CX-—D-FAXB-CXD--AXB-—24B sin 6 (14,3) 
Equation (14,3) shows that the torque © of individual arm-force 
product has the same sign and is equal in magnitude, it is possible to 
reverse, the algebraic signs of C and D and their product may be 
added to the vector product of A and B. 

Fig 20 gives a. physical picture of vector product in Mechaniés; 
A body is.capable of rotation along an axis passing through the 
point O. A force vector R is acting at 

> 
the point A, so that OA is the position. x. 
or arm vector P. The angle between the i 
positive directions of these vectors is 4. 
The torque vector isto be drawn at A 
normal to the plane of the figure and. its 
‘Positive direction is upwards. So obser- 
> 
: ved from below rotation of P in 
the direction of R is anticlockwise anda 
tight hand screw method along that direction will go downwards 
along the negative direction of torque. ~ Therefore, PX R— —nT. 
Froma similar argument we can. show that QxS has a positive value 
and can be written at Qx S—n7,. à 


, The vector products occur frequently in Electro-Magnetism and 
will be dealt with in their proper places. 


. 15. Application of Cross-product of Vectors—From the preceding 
Article, we learn that the magnitude of the cross or vector product of 
two vectors depends upon the magnitudes of the indiviual vectors and 
smaller angle between the positive directions of the vectors. The 
algebraic sign depends upon the direction of rotation along which 
one vector may be turned so'as to approach the otber vector. If one 

- veclor is made to approach the other along the direction. of a right 
anded screw, the motion of the screw will indicate the Positive direc- 
tion of the resultant vector. 


Fig. 20 


seen along OZ) and the resultant will be along —OZ. . This. is the: 
rest way of rockoning the algebraic sign of the resultant. i 2 


» 
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Thus AX B=AB sin 6—nT, say bas OF 
and BXA=—AB sin 0— —nT, say 
AXB=—BXA 


If 9=0°, sin 0=0, hence the cross-product vanishes. In case of a 
mechanical moment we explain this condition as the arm vector and 
the force vector being along the same line. This amounts to the case 
where the force acting ona rigid body passes through its axis of rota- 
tion and hence there is no rotatory effect by the force upon the body 
resulting in the torque being zero. 

If 6—90^, sin 0—1, hence the cross product is maximum. This is 
the case when the arm vector is perpendicular to the force vector. The 
effect. of the torque is maximum. 4 

Cross-product of Rectangular: Unit: Vectors—The unit vector ii 
and k along.OX, OY and OZ respectively are; of unit magnitudes and 
are at right angles to each other for which 0—90* Í 

Henca ixj=ij sin 90°=ij having direction along OZ 

sodxje-jxick. A | EP, : | 

For a similar reasoning j X k—jK sin 90° =jk=—kxj=i 

The strict cyclic order in such results should be observed. - 

Again since cross-product of parallel or conicident vectors is Zero, 
since 0=0°; , j 

ixi=0=jxj=0=kxk. 7 


Examples :— 


> — > | 
1. AB, BC and CD are the successive displacements of a rocket in space as 


detected from an ovservation station O on earih. "The distances AO, BO, CO and 


DO as measured by wireless signals are respectively 50, 60, 120 and 80 kms. 
Further angles AOB, BOC, COD and DOA are found tobe 30*, 45°, 60° and 30 
respectively. Find the individual and resultant displacements. c 


(Refer to Fig. 12 Art 8 of this Chapter). 
Ans, From.440B, AB? = OA2+ 0B? —204, OB cos ¿L AOB 


> " 
: 21502-1602 —2 x 50x 60x cos 302—904. whence AB=30'6 kms. 
Again from ^ BOC, BC2=OB?+0C?—2, OB.OC cos £ BOC 
3 1 > | 4 
602-1 1202-2 60% 120x cos 45°=7818 whence BC=88'4 kms. ; 
Also from: 4.COD, CD2—0C24-0D?—2.0C.0D cos Z. COD 
) x pi Q 3 — 
=. 502-- 802—2X 50 x 80x cos 30*—1972 whence AD=444 kms. 
= Resultant. s 


2, Three coplanar vectors P, Q, and R, on a vertical plane having azimuthal 


angles of 45°, 30° and 120° havea resultant S whose projection on à horizontal - 


zu 
plane is 30 cms. Find the magnitude of the resultant. 
Ans, Ref to Fig. 14 Art, 7. 
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Let <=45°, B=30° and y=120°, Then if 9 be the azimuthal angle of the 
resultant, 5=7+ m —150*—90* —60* 


VAR. a 
_ Then the resultant= Gos 60°60 cm. 
; Srs > > > j 
3. Show that the vectors P=2i—j+-k, Q—i—3j—5k and R=3i—4j—4k form 
he sides of a right. angled triangle. [ C. U.—1961 ] 


Ans. We know that the square of the magnitude of a vecior is equal to the 
sum of the squires of the co-efficients of i, j and k which compose that vector. 


ind ———— 
_ +, Length of the vector P= N4+1+1= /6 


-> p 
Length of the vector Q= /1+-9+-25= 35 
Length of the vector R= y9+16+16= /41 


: ‘Since P2402=41=R2 ; P; Q, R fotma right angled triangle of sides P and Qj 
and its hypotenuse is R. .- yt: 


EXERCISES XIII 


1. Distinguish between a scalar and a vector quantity. How isa vector 
mathematically and graphically represented ? Is it necessary that vectors drawn 
n, the same diagram should haye the same scale,—Explain with diagram. 


2. Explain the principle of multiplication and division of a vector by simple 
numbers. How does the sense of a unit vector arise from this principle ? 


= 3. Show by a diagram that the vector addition obeys the associative law. À 
a Faplàin different methods of identifying vectors and getting their 
resultant, 


5. Explain witha neat diagram of expressing the position of a point in three 
dimensional orthogonal co-ordinates. How canthe length of a straight line 
starting from the origin be expressed in terms of the co-ordinates of its other 
end point ? : 

^16... What. are the direction cosines /, m and n of a straight line of length Hina 
rectangular co-ordinate system ?) If the line starts from the origin, how can you 
represent the line in termsof tis direction cosines ? 


7. Define orthogonal system of unit vectors. Prove that they are equalin 
magnitude. Express a position vector in terms of orthogonal unit vectors. 

8. What is a scaler product of vectors ? Give an example of a scalar product. 
Hec cad self product "of Vectors. Show the relations if i, j and k in self 

oduct. each : 


9. Define vector product of vectors. Find a relation of the resultant of 
vector products and individual ‘vectors by drawing a neat diagram. 


10. Show that the effect‘of ‘the moment of 4 force acting on a rigid body can 
be represented by the cross-product of two vectors. Express the relations between 
-© unit vectors in cross-products. 


HEAT 


CHAPTER I 
THERMOMETRY 


1, Heat.— From our earliest days we are familiar with the 
sensations of heat and cold. lí we stand in the sun or before fire, 
we feel hot, whereas if we hold a piece of ice in hand, we feel cold. 
The physical cause, due to which we have such feelings of hotness or 


coldness, is termed heat. j 

From pre-historic times it was known to man that rubbing of two 
splinter woods created fire ; and it was fire which, made things burn 
and produce heat. For example, heat is generted when we rub our 
hands together or when @ piece of ironis hammered on an anvil. 
Both Indian and Greek philosophers, of early days considered ‘fire’ 
(Tejas in Vedic term) as one of the five elements ever present in 
nature, But experiments to show that heat can be obtained from 
heat can be transformed into other forms of 
energy were done in eighteenth and nineteenth. centuries, These 
experiments showed that Heat is a form of Energy and it can be 
measured in terms of some units hepa í 

2. Temperature — When heat is applied toa body which is, not 
in a state of melting or vaporising, the body grows hotter. Conversely, 


when heat is somehow taken away from the body, it becomes colder. 


Generally speaking. temperature is the measure of hotness of a body. Ti 


on touching two bodies A and B. A appears to be hotter than B, then A 
is said to be at a higher temperature than B. Thus in material bodies 
temperature is that manifestation of heat which we can compare by 
our sense of perception. 


Accurately defined, temperature is. the thermal condition of a body 


which determines whether the body will communicate heat to, or "receive 
heat from, another body, when both. the bodies are put into thermal 
communication. If a hot metal ball be dropped into a mass of cold 
water, the ball after some time appears colder than before, while the 
water appears warmer. Here heat has left the hot ball and has passed 
into the cold water. The passing of heat from one body to another, 
therefore, depends on their difference of temperatures. i 


Distinction between Heat and ‘Tamperature—Although the terms 
they do not convey the . 


heat and temperature appear so much alike, 
Pt.IJH-1 É i 
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game meaning: (1) Temperature indicates the thermal condition of a 
body, whereas the quantity of heat possessed by it is a form of energy. 
(2) Heat generally increases the temperature of a body. Butifa 
body melts or boils, it does so at & definite temperature known as 
the melting point or boiling point. The application cf heat at these 
two states is utilised in melting or boiling out more of the 
substance without any change of temperature. (See Chapter VI) 
(8) Two bodies may be at the same temperature, although the 
quantities of heat possessed by them may be different. If, out of & 
large mass of boiling water,a small portion is taken off, the tem- 
perature of the two masses is the same, although the quantity of heat 
in the former is far greater than that in the latter. (4) The flow of 
heat from one body to another depends only on their temperatures 
and not on the quantity of heat possessed by either. The amount of 
heat in a red-hot iron ball may be far less than that in a bucket of 
svarm water ; but if the ball be put into the water, the former will 
communicate some amount of heat to the latter. (5) Temperature is 
analogous to the surface level of a mass of liquid. If the level of water 
in a vessel be higher than that in another, water will flow from the 
former to the latter, when communication is made between the two 
vessels; this takes place irrespective of the quantity of liquid in each. 
The flow ceases as soon as the level of water in both the vessels 
becomes the same. Similarly, heat will pass from a body at a higher 
temperature to one at a lower temperature, irrespective of the quan- 
tity of heat possessed by each and there will be no further transference 
when the temperatures of the two bodies become the same. 


3. Effects of a Change of Temperature—When a body is heated 
or cooled so that its temperature changes, the following among other 
effects may by observed :— i 

(i) Change of Volume — It is found that, in general, bodies increase 
in volume when heated, and contract when cooled. 

(ii) Change of State—On being heated, a solidat a certain tem- 
perature generally passes into the liquid state and similarly a liquid at 
another fixed temperature passes into the gaseous state. Thus when 
ice is heated, it gradually melts into the water and when the water is 
heated, it passes into steam. Conversely, on being cooled, steam 
changes into water and water being sufficiently cooled freezes into ice. 

(iii) Change of Physical Properties—A change of temperature 
modifies almost all the physical properties of matter. Thus the 
elasticity of solid, the surface tension and the solvent power ofa 
liquid, the power of metals to conduct heat and electricity, etc. are 
affected by changes of temperature. Zine is hard and brittle at 
ordinary temperature but soft and flexible when heated; iron is 
softened or tempered by alternate heating and cooling. 

(iv) Chemical and Electrical Effects—Many substances (such 88 

. lime) are descomposed when sufficiently heated. Again, some chemical 
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union is brought about by application of heat. The electrical resis- 
‘tance of a conductor changes with its change of temperature by heat. 
If by joining wires of two dissimilar metals a closed circuit is made and 
af any junction be heated, an electric current flows through the circüit. 


4. Measurement of Temperature—All our ideas regarding 
difference of temperatures are primarily derived from the sense of 
douch. In such cases the temperature of the hand is, therefore, the 
eriterion. But this method of estimating the relative hotness or 
coldness of a body cannot be taken to be accurate. The following are 
the reasons therefore è (1) Our sensations are not sufficiently delicate 
(2) Judgment as to the temperature of a body is sometimes incorrect. 
For instance, if the right hand is placed in hot water and the left 
hand in cold water and then both be immersed into a mass of luke- 
warm water, the water appears cold. to the right hand but not to the 
left. Again when touched by hand, different bodies at the same tempe- 
rature may give different sensations of hotness or coldness Thus if a 
piece of wood and a piece of a polished iron lying side by side in air be 
‘touched, the latter will appear colder, but as & matter of fact both are 
at the same temperature, The instrument, that is devised for comparing 
and measuring different temperatures, is known as thermometer. 


We take recourse to one ot the other physical property of a subs- 
tance which should change uniformly with temperature and which 
‘at the same time must be capable of easy and accurate measurement. 
-It is an observed fact that when a substance is heated, its volume 
increases continuously with the rise. of temperature. The change 
of the volume of a suitable substance may, therefore, be taken to 
indicate the corresponding change in temperature. Mercury is most 
suitable as a thermometric substance, 

5. Early History of Thermometers.—Of all the changes of 
physical properties of a substance with temperature, the change of 
volume with temperature attracted the attention of 
early scientists. Galileo Galilie (1564-1642) is said 
to have first constructed a form of thermometer round 
about the year 1604. The instrument was really a 
‘combination of a thermometer and a baroscope and so 
it was named a thermoscope (Fig. 1). The apparatus 
consists of a glass bulb B with a narrow uniform pipe 
vertically placed over & pot 4 having a spout. Some air 
is enclosed within the bulb. extending to some level. 
Some. coloured liquid fills a part of the pot and rises Z 


‘up to a certain height. An arbitrary scale is attached . 
to the pipe. If now temperature rises, the air within 
the bulb expands forcing the level down. On the other 
hand when temperature falls, air contracts and the 
liquid level rises up. So, observation of the liquid S 
level is an estimate of hotness or coldness. No fixed ki 
points could be devised in those days. Since the spout is open 
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to atmosphere, a change of atmospheric pressure will also cause the 

level «to rise up or fall down. Hence -is the name thermoscope, 
Robert Boyle (1627-1691) carried such a thermometer in England for 
the investigation of the famous Boyles law of pressure-volume relation 
at a constant temperature, which he successfully carried out in 1660. 
The use of alcohol a8 a thermometric substance in a sealed tube began 
in Italy by a group of scientists between the years 1640 to 1650. But 
it is important to note that use of mercury as a thermometrie 
substance and fixed points of a thermometer all came in during 
eighteenth century» 


6. Mercury Thermometer and its Construction—The most 
common form of thermometer is a mercury in-glass thermometer. It 
consists of a small cylindrical bulb (Fig. 2) 
provided with a stem of very narrow and 
uniform bore. The other end of the stem 18 
closed and there is mercury inside. The 
volume of the enclosed mercury changes 
with the change of temperature. For a deti- 
nite temperature, the volume occupied by 
mercury is constant, asshown bys definite 
position of the mercury column along the 
stem. The stem is graduated in accordance 
with some standard scale, so that each 
division’ represents "an equal change 2 
temperature, 


Construction of a ;Thermometer— 
A piece of thick-walled capillary glass tube 
of uniform boreis taken. It is thorougly 
cleaned and dried, A bulb B is blown ab 
one end (Fig. 3.) At O, alittle below the 
y open end, the tube is heated and drawn 
out so’as to form a narrow neck. A small cylindrical funnel E is then 
attached to the open end by a short piece of rubber tubing. The tube 
is held in a vertical position anda quantity of pure and dry mercury 
is pub into the funnel As the bore is very narrow and as the tube 
is filled with air, mercury does not run down the tube. To introduce 
the mercury into the bulb, the latter is gently heated ; the air in the 
bulb expands and a portion of it bubbles out through mercury in the 
funnel. $ On being now removed from the flame the bulb cools down + 
the air inside contracts and sueksin some quantity of the mercury 
into the bulb. By repeating this process of alternate heating and 
cooling several times, the bulb is almost filled with mercury. The 
bulbisthen strongly heated until the mercury boils and gives out 
mercury yapour. As the vapour continues to escape, it drives away 
all the air and moisture enclosed. On cooling, mercury completely 


fills the bulb and the stem. While the bulb is still warm, the exces? 
of mercury in the funnel is taken out, 


Fig. 2. 


—— 
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Next the bulb with the stem is subjected toa temperature & 
little above the boiling point of water. Some amount of mercury 
expands into the funnel and is removed. When the bulb slowly 
cools, mercury contracts and as it just passes the constriction C, 
tho tube is sealed at the point by means of a strong pointed flame. 
On coolin, mercury contracts and fills up the bulb and a part of 
the stem.gThe closed tube is then allowed to cool down for a consider- 
able period before the instrument is graduated. In selecting a scale for 
the measurement of temperature with a mercury thermometer, it is 
necessary to mark on the stem the positions of the mercury thread 
corresponding to two definite temperatures, These are called fixed 
points of a thermometer. The lower fixed point is taken to corres- 
pond to the temperature at which pure ice melts under normal 
atmospheric pressure ; this is known as the ice-point. The upper fixed 
point is taken to correspond to the temperature at which pure water 
boils under standard atmospheric pressure of 76 cm. of mercury. This 
is termed the steam-point. 


Determination of Fixed Points—(a) The Lower fixed point or the 
ice-point—In order to determine the iee-point, the bulb of the 
thermometer, constructed as above, is placed 
within small lumps of pure melting ice kept in 
a funnel (Fig, 4) The level of the mercury 
column gradually sinks. Finally at a particular 
position it becomes stationary. After 
some time the fixed position is marked by a 
fine scratch made on the stem with a file. This 
gives the lower fixed point. Itis also termed 
the freezing point. If the bulb of a centigrade 
thermometer is placed in melting ice in the 
above way and if the mercury level stands ab 
the zero mark, its freezing point has been 
correctly marked. 

(b) The Upper fixed point or the steam- 
point—To determine the upper fixed point, the 

Fig. 4 thermometer is placed into steam of boiling 
water in a specially constructed vessel, called a hypsometer. Tt 
consists of a copper vessel A (Fig 5) with a vertical tube B which is 
surrounded by the jacket O. The jacket has two openings, one at the 
top and the other D at the side. The vessel A is partly filled with 
water and the upper opening is closed by & cork havinga hole, through 
ted into B so as to remain well above 
egins to boil, steam rises through B, 
passes into the jacket O and finally escapes through the pipe D. The 
steam in the jacket O protects circulating steam im B from being cooled 
by external air, Attached to the side of the vertical tube opposite to D, 
& manometer M indicates the pressure of the steam. The bulb and 
the stem being thus surrounded by steam, the level of mercury 
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gradually rises and after some time attains a stationary position. The 
position of the mercury levelis just visible above the cork. When 
after a few minutes mercury has reached a steady temperature 
throughout, the position of the mercury level is marked by a scratch. 
This mark indicates the temperature, at which water boils under 
the atmospheric pressure which is noted from the barometer, 


Pressure ip centimetres ef mercury 


Fig. 6 


As the observed atmospheric pressure is generally different from» 
the standard pressure of 76 cm. and as pure water is found to boil at 
different temperatures under different pressures, the scratch mark 
80 made does not tally with the standard steam-point. The standard 
steam-point according to a centigrade thermometer should be 100.. 
The graph shows the variation of the observed steam-point with & 
change of pressure (Fig.6). It is found that near the normal 
atmospheric pressure an alteration of pressure by about 28 mm. 
changes the boiling point of water by 1°O. The correction is to be 
added or subtracted according as the observed pressure is below or 
above the normal atmospheric pressure, 


Suppose that the scratch mark of the observed steam-point is made whem 
the barometric pressure is found to be 75 cm. From the graph the corres- 
ponding steam temperature is found to be 99/65"0. The length on the stem 
from the lower to the upper scratch marks is accurately read with a vernier 
microscope. Let it belom. If L cm. be the true length between the lower: 
Scratch mark and the standard steam-point, then 

L 100 
i^ goes” "hence La scc 


Thus measuring a distance T; om. from the lower scratch mark, we put there i 


the standard mark 100 for the upper fixed point. 


| a 
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After the two fixed points haye been marked on the stem, the 
space between them is divided into a number of equal parts. according 
toa standard scale of temperature, Hach such division is called a 
degree. The graduations are continued some way "both above and 
below the upper and the lower fixed points. To mark the graduations 
on the stem, the latter is coated with a thin layer of wax end. 
equidistant lines are drawn with a fine pointer on the layer. By 
exposing the thermometer to the vapour of hydroflourie acid, the 
marks are etched permanently on the stem. 


7. Scales of Temperature—There are three scales of 
temperature—(1) Centigrade or Celcius, (2) Fahrenheit and 
(8) Reaumur. t 

(1) The Centigrade scale «was designed by Elvius of Sweden in 
1710 and later on by Christin in 1749, Some people associate also 
the name of Anders Celsius (1701-1741) of Sweden. The melting point 
ofice is zero and the boiling point of water under normal atmos- 
pheric pressure i8 marked 100. / 


(2) The Fahrenheit scale was devised by German scientist 
Gabriel Fahrenheit (1686-1736) in 1717. lis zero was specified as 
the temperature of a given mixture of snow and common galt; the 
melting point of pure ice was taken as 39° on the scale and the boiling 
point of water under normal atmospheric pressure 98 912°. The scale is 
generally used in Great Britain and the United States. Physicians 
make use of this scale. 

(3). In 1730 or round about that year French scientist Antaine 
Reaumur (1633-1757) designed a scale which goes by his name. Its 
zero is ab the melting point of ice, Under normal atmospheric pressure 
the boiling point of water corresponds to 80" on this scale. The scale 
is used for domestic purposes in Russia and in some parts of the 
European continent. 2 

Comparison of Three Scales of Temperature—The space he- 
tween the two fixed points contains 100 divisions of the Centigrade, 
180 of the Fahrenheit and 80 of the Reaumur Scale. The space 
is sometimes called the fundamental interval of a thermometer 
scale. > 


The positions of the two fixed points on the three scales are shown 
below : 


Scale I int team-point Number of egual divisions 
baie Sr | ee between fixed points 


Centigrade (C) 0° 100? 100 
Fahrenheit (F) 32° 212° 180 
Reanmnr (R) 0° 80* 80 
,'. 100 Centigrade- 180 Fahrenheit=80 Reaumur. 
divisions. divisions. divisions, 
or, ro =g oF (. =4 of VR. 
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Take a thermometer whose lower and upper fixed points are A and 
B respectively (Fig. 7) By its side place the three scales. Put the 
thermometer in a suitable bath and let P be 
the position of the top of the mercury column 
in AB, Oorresponding to the position P note 
the readings on the three scales, by x'O, y F, 
and 2°R. It is easy to see that on the three scales 
the distance AP represents x, (y—32) and z 
degrees and that AB represents 100, (219 — 32) and 
80 respectively. No matter what scale is used, 
as AP bears to AB the same ratio. 


PH AP _'x°O_(y—39)°F _ z^R 
A AB 100 180 80 
I E x?0 | (y-39)F . z^R 
A H- Seok ag ae E 


Examples :— : 
1, The normal temperature of a healthy person is 
found to be 989'4F. What would be the PP SW Ys 
ig. i igrade and the Raeumur 
Fig. 7 reading on the Centigrade an pir pet 
a 2.994-9, R 
5 9 4 


S ITI 


Ans. Symbols carrying the usual significance, we fin 


whence 2—39'9?C and y=29'5°R 


2, The fundamental interval of a thermometer A is arbitrarily divided inte 
60 equal parts and that of another thermometer B into 120 equal parts. If the 
freezing point of A is marked 60° and that of B marked 0°, what is the 
temperature by A when it is 100° by B? [Pat. U.—1954] 


Ans, The interval between the ice-point and the steam-point is divided 
into 60 parts for A and 120 parts for B. Therefore each degree graduation of 
A is equivalent to two degree graduations of B. 

-. 100 degree graduations of B=50 degree graduations of A. 

Sinco A starts from 60°, tha corresponding reading of A would be 
(60+50)° =110°, 

3. What is the temperature which when read on a Centigrade and a Reaumur 
‘thermometer differs by 2° ? 

Ans, Let the reading on the Centigrade scale bez. Then on the Reaumut 
scale, itis either w+ 2 or e—2, 


: O_R vs ota v aa 
s WA Ea tad Pm 
. Since pp We gather that either Bret, ot ena 5 "nm 


whence 7 =~—10°O or. 10°0, and R— —89 or g° respectively. 


4. When the temperature is 0°, a mercury thermometer reads 5*0, 
while 2610090, it reads 100890. Find the true temperature when the thermo- 


meter reads 20°C, assuming that the bore is cylindrical and that the divisions 
aro of uniform length, 


Ans. Since at the truo zero-point the thermometer reads 0'5°O and at 100°0 it 
reads 100'8°C. there are'(100'8= 0*5) or, 100'3 divisions between the two fixed points. 
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Bach division of the thermometer correspouds to 100/100:8 of a correct centigrade 
thermometer the reading 20° of this thermometer is, in reality, (20—0°5) or, 195 
division above the freezing point. 
; 195x 100_ 49. 
The corresponding true temperatnre is "o Da 19°44°0. 


5. A faulty thormometer raads 5°O in melting ice and 9990 in dry steam at 
normal pressure. Find the correct temperature in Fahrenheit when the ther- 
mometer reads 52°O, (Pat. U, 1951] 

Ans, Obviously, (99—5)°, =94° of the thermometer correspond to 100° ofa 
atandard thermometer. 

.. 1° of this thermometer = 59? of the standard centigrade thermometer. 

When this thermometer reads 5290, its corresponds, in fact, to 52—5 or 47 
ecale divisions above the ice-point. 


This comes out to bo 41X100 = 50°0 of a standard centigrade thermomter, 
Again, since oar we, gel 1 -5. whence the desired temperature 
is 1220F" 


7 Advantages of Mercury as a Thermometric Substance— 


_ (4) Mercury boils at 357°C and freezes at—89°O : so it remains 
in the liquid state over a long range of temperatures. Ordinarily & 
mercury thermometer may be conveniently used for an vapproximate 
range of temperature from—30°O to abaut 300°C. 

A mercury thermomter may also be used for measuring high temperature by 
filling the space above the mercury with nitrogen or carbon dioxide at a high 
pressure so as te prevent the boiling of meroury. A temperature up to 600 O can 
hus be measured by using glass with high melting point and the range cau even 
be increased to 750°C by taking a tube of silica, 

(2) It is a good conductor; that is, it quickly transmits heat 
throughout its body and so all mercury in the thermometer bulb 
readily attains the temperature of the substance 1n which it is placed. 


(3). Its expansibility is fairly large with a rise of temperature. . 


(4) Its expansion is fairly uniform, $0 that at all parts of the scale 
for an equal rise of temperature its volume registers an equal rise. 


(B) It has a low thermal capacity. This means that for a given 
rise of temperature it absorbs a small quantity of heat. 


(6) As at ordinary temperature the vapour pressure of mercury is 
very low, the space above mercury contains very little mereury vepour. 
(7) It can be readily obtained ina pure state: It is a shining 
it can be easily observed witbin a glass tube. It 


Opaque liquid and so Ï É : 
does not wet glass and does not, therefore, stick to the sides of the 


glass tube. 
8. Alcohol Thermometer— Alcohol is sometimes used a8 a 


thermometric substance. . The liquid is coloured with some dye, a8 
otherwise the position of the top of the liquid column cannot be 
readily observed. Its advantages and disadvantage as the thermo- 
metric substance in comparison to mercury are given below : à 
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Advantages : 


(i) Alcohol freezes at—) 30°C. while mercury freezes at—39°O, so 
for measurement of low temperature, an aleohol thermometer is prefer- 
able Consequently, alcohol may be used in thermometers down to 
about — 120°C. (Liquid pentane may, however, be used down to — 200°C.) 

(ii) For a given rise of temperature, aleohol expands much more 
than mercury ; so an alcohol thermometer is more sensitive thana 
mercury thermometer to temperature variations. 


(iit) Fora given volume, soas tobe raised through the same 
range of temperature, alcohol requires much less quantity of heat. 
than mercury, 


(iz) Alcohol isa light liquid and wets glass ; so when temperature- 
rises, the thread of alcohol can move smoothly in a tube of very fine 
bore, while mercury tends to move in a jerky manner, 


Disadvantages t 


(i) Alcohol boils at 78°C, while mercury boils at 357°C. So for 
accurately measuring temperatures higher than about 60°C an alcohol’ 
thermometer cannot be used. 


(ii). Conductivity of alcohol is less than that of mercury. 


(iii) The rate of expansion of alcohol is not uniform, but increases- 
with rise of temperature. An alcohol thermometer is, therefore, 
graduated by comparison with a mercury thermometer, both being. 
placed in the same bath. 


(iv) Itis highly volatile and soits vapour readily collects into- 
the space above the liquid and exerts an appreciable pressure. 


(v) As alcohol wets glass, a film of the liquid sticks to the walls- 
of the tube when the temperature falls. 

9. Maximum and Minimum Thermometers—These thermometers 
are so constructed as to be able to record automatically the highest or 


the lowest temperature attained during a given period of time. They 
are used for meteorological purposes. 


Rutherford's Maximum Thermometer—This is a mercury 
thermometer with 
the bulb Band a 
small steel index. 
P shaped like a 
double-headed pin. 
resting within the 
stem (Fig. 8). The 
thermometer is 
mounted horizon- 
tally in a wooden. 
or metallic frames 


Fig. 8—Maximum & Minimum Thermometers 
so that at any position the index can remain statio- nary. 


ae 
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In setting the thermometer, the steel index is moved from outside 
by a strong magnet, till one end is brought just in contact with the 
surface of fhe mercury. As the temperature rises, mercury expands 
and pushes the index forward. With a fall of temperature the mercury 
contracts ; but the index is left at the position to which it had been 
pushed. The higher is the rise of temperature, the further the distance 
the index is pushed through. The end of the index towards the 
mercury surface records the maximum temperature attained during 
the period under observation. 


In some form of Maximum Thermometers the stem is placed in 
a horizontal position and the bulb is kept at a slightly lower level. 
At the junction of the bulb and the stem there is a constriction. With. 
rise of temperature mercury is forced into the stem; but when 
temperature falls, the mercury column within the stem is separated 
from the mercury within the bulb, thereby recording automatically 
the maximum temperature. Use of a separate index is not required 
in this type of thermometer. 


Rutherford’s Minimum Thermometer—In this thermometer 
alcohol is used in place of mercury. There is a small index P made of 
enamel or coloured glass and shaped like a double-headed pin resting 
within the liquid in the stem (Fig 8) In a suitable frame the 
thermometer is fixed horizontally. The instrument is set by tilting and 
the index is moved till one of its ends is just in contact with the liquid 
surface, the other end being within the liquid. As the temperature 
falls, the liquid contracts and due to surface tension the concave 


surface of alcohol drags the index along with it. But when the . 
temperature rises, alcohol expands and leaves the index at the 
position attained. The end of the index towards the’ meniscus 
records the minimum temperature reached during the period under 
observation. 1 f 


Six’s Thermometer In this case the mazimum and the minimum: 
thermometers are combined into a single instrument. It essentially 
consists of a U-tube (Fig. 9) with bulbs at the two ends. The bulb B- 
and a part of the stem are filled with alcohol. The portion P, Ps 
is filled with mercury. The portion of the tube above Py and & 
portion of the bulb b are filled with alcohol. The remaning 
part of it contains alcohol vapour only. Room for expansion is left, 
thereby. 


Shaped like dumb-bells, two small steel indices Pi and Ps 
float on the ends of the mercury column. Each index is provided: 
with a small side-spring which presses against the wall of the tube: 
and keeps the index in position. The instrument 18 set by bring- 
ing the indices just in contact with the respective mercury surface 
by means of a strong magnet working from outside, Running 
by the sides of the limbs of the U-tube, there .are two graduated) 
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scales; the one of the ‘maximum’ side being graduated from 
below upwards, and the other of the ‘minimum’ from above down 
wards. 


Temperature rises and the alcohol in the 
larger bulb B expands and pushes down the 
mercury column with which it is in contact. 
Pushing forward the index P, and driving the 
alcohol in the other bulb b, the other end of 
the mereury column rises. When the tempera- 
éurefalls,the alcohol in thelarge bulb contracts 
and the mercury level on this side rises and THERMOMETER 
raises the index P2, leaving it at the highest 
position reached. The position of the lower 
end of P, records the maximum temperature 
during the period under observation,the reading 
being obtained from the corresponding scale. 
From the corresponding scale the position of 
the lower end of Pa give the minimum tem- 
perature. After each observation the instru- 
ment is readjusted. 


10. Clinical Thermometer (Physician’s 
Thermometer)—This is a form of sensitive 
maximum thermometer and is used in record- 
ing the temperature of human body. It is a 
mercury thermometer with a constriction at C 
in the bore close above the bulb (Fig. 10). 
Tt has a short stem which is graduated 
generally from 95°F, to 110°F, each degree . 
being divided into five equal parts. The Fig. 9, 
normal temperature of a healthy person varies between 96'6°F and 
984°H When the bulb is placed into thermal communication with 
the human body, the temperature of the bulb rises and the mercury 
| inside expands. The expansive force drives the mercury past the 
| constriction into the stem. When the thermometer is removed, the 
| temperature falls and the mercury below © contracts; but the 
ll thread above O cannot follow, as the constriction provides an 
obstruction. The farthest end of this portion indicates. the 
{| maximum temperature of the body, When the thermometer is to 
Il be used again, it is shaken with the bulb downward, so that the 


| B c S 
i| Fig. 10.—Olinical Thermometer 


mercury thread in the stem is made to pass through the constriction 
partly into the bulb. Very recently clinical thermometers are 


WOWININ. 
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graduated in centigrade scales. (For Dial and Metal Thermometers 
vide HEAT, Appendix E, at the end of Volume I). 


*11. Sources of Errors in Mercury Thermometer, —The 
following are some of the more important sources of error in a mercury 
thermometer and their corrections. 


(1) Change of Zero—By placing the bulb of an ordinary marcury 
thermometer in melting ice, i5 is sometines found that the mercury 
stands at a slightly higher position than the freezing point marked on 
the stem. This occurs when a sufficient interval is not allowed 
between the sealing and the graduation of the thermometer tube. 
The tube contracts slowly and so the volume of the mercury appears 
to be in excess, showing & rise in tho freezing point. The excess 
reading for ordinary glass is about 004°C. 


(2) Temperature of Steam—It has been mentioned in Art, 5 that 
in determining the upper fixed point a correction is to be applied to it, 
if atmospheric pressure at the time be not normel. But if both the 
fixed points possess certain errors, they may be eliminated by supply- 
ing for every such thermometer a correction table between 0°C: 
and 100°C. $ 

(3) Temperature of the Exposed Colwumn—When a thermometer 
is used, a part of the stem always remains outside and is, therefore, 
at a different temperature from the bulb. For this reason the read- 
ings, which are recorded, would be slightly lower; hence if is 
better to immerse as much of the stem as possible. A correction’ for 
this may be applied. 

(4) Internal Pressure—A vertical column of mereury, 20 om. 
long, exerts a pressure on the thermometer bulb of nearly at quarter 
of atmospheric pressure. Hence when a rather higher temperature is 
recorded by a mercury thermometer, pressure of this order is exerted 
oa the bulb, the bulb gets distended and the reading is consequently 
lower. But if the thermometer is kept horizontal, the problem of 
internal pressure does not crop ap. 

(5) Non-uniformity of the bore—In a thermometer a change of 
temperature i8 measured by the change of volume of a definite 
mass of the liquid in the bulb, The changes in volume produce 
corresponding movement of the liquid head along the stem. The 
distance on the stem between the two fixed points is divided into 
equal intervals or degrees, 80 that each degree represents the same 
chango of temperature. This is true only when the bore is uniform ; 
else an equal expansion of the liquid for an equal rise of temperature, 
though regular, will nob be indicated by an equal length in different 
parts of the stem. In such & case, the thermometer may be calibra- 
ted all over the length of the bore by detaching a thread at mercury 
and measuring the number of degree divisions it occupies at various 
parts of the tube. : 
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EXERCISES ON CHAPTER I 


1. What do you mean by the temperature of a substance? 
Describe with a neat diagram a Six’s thermometer and discuss the 
principle on which it works. State some of its uses. 


Determine the temperature which is indicates by the same 
number on Centigrade and Fahrenheit scales. 

Ans.—40°O, or, —40°F. (C. U.—1942,758) 

2, The freezing point on a thermometer is marked 20 and the 
boiling point 150. What reading would this thermometer give for a 
temperature. of 45°C ? (C..0,—1957) 

Ans. 178'5°. 

3. How will you construct a mercury thermometer and 
graduate it so that your reading will agree with that of another ther- 
mometer? (All precautions and corrections should be metioned). 
(Pat. U.—1961; Del. H. 8.—1970; U.P. B.—1969? O. U.—1956) 


4, Whatis meant by Fundamental Interval of ‘a thermo- 
meter? Describe experiment to determine it accuratelv. 


(Pat. U.—1970) 


5. Describefully the method followed to mark the scale ona 
mereury in glass thermometer. (C. U.—1952 Of- 1956) 

6. Describe how the fixed points of amercury thermometer are 
determined. 


A faulty thermometer reads 1° when placed in melting ice and 96° 
in steam at normal barometric pressure. Find the correct temperature 
when the thermometer reads 399, the bore of the thread and 
graduations being supposed uniform. (Dac. U.—1963) 

Ans. 40°0. 


7. Describe how you would construct and graduate s liquid-in- 
glass thermometer to read temperature between 2°C and 10°C. Another 
sensitive thermometer for this range will be supplied. 


Give reasons for choosing a particular liquid as the ther- 
mometric substance. Also discuss whether water can be used for 
this range and explain how you would read the temperature without 
any ambiguity with water-in-glass thermometer in the above range. 

(Pat. U.—1962) 


8. Discuss the relative merits and demerits of mercury and 


alcohol as thermometric substances. (V. U.—1953) 

9. Describe with a neat diagram the working of Six’s maximum 

and minimum thermometer. . (Utk. U.—1964) 
10. Write a note on maximum-minimum thermometer. 

(V. U.—1954) 

11. Describe with a neat diagram a form of maximum and 

minimum thermometer. (Pat. U.—1974) 


12. Give an account of the various methods for measurement 
of temperature and classify according to the range of temperature 
for which they are suitable. Give their relative accuracy of 
measurement. (R: P. B.—1968) 


_13. Describe 2a clinical thermometer. What makes it 
possible to read the temperature after removing the thermometer 
from the body 7. (Of. V. U,—1958 ; 0. U.—1967) 


CHAPTER II 


EXPANSION OF SOLIDS 


12. Expansion of Solid—In most cases solids expand when 
fheated. This canbe shown by an apparatus known as Gravesand's 
Ring. It consists of a metal ring (Fig, 10) 
clamped to a stand. Suspended by a chain, 
a ball of the same metal can just pass through 
the ring, when both are at the same temper- 
ature. When heated in a flame, the ball would 
no longer pass through the ‘ring, showing that 
it has expanded. On cooling, the ball contracts 
and slips through the ring. À 

A short metal rod with flat ends and 
provided) with a wooden handle fits exactly 
into a metal gauge at ordinary temperature. 
When heated, the rod no longer fits into the 
gauge, as it has expanded. 

Rivetted together at several points, two 
similar strips, one of iron and the other of copper, are taken (Fig. 11). 
When heated, the composite bar UPER 
slowly gets curved, the copper re- T 
maining on the outside. If, on the (e) > 
other hand, the bar is placed for —— 
‘sometime in ice,i& bends in the z l 
opposite direction with the copper (6) 
strip on the inside. This shows that | 
copper expands or contracts more Fig, 12 
than iron. In asimilar way it can 
be shown that different solids expand differently. 

When a solid is heated, it generally expands in all directions, al- 
though the expansion is usually very small. The increase in length 
of the body is called linear expansion, that in area is called superficial 
expansion and that in volume is called cubical expansion. 

48. Coeficient of Linear Expansion— When s solid is heated, 
it is found that the increase in length (i) is proportional to the origi- 
nal length of the body, (ii) i$ proportional to the increase of tempera- 
ture to which the body is subjected to and (ii) depends on the nature of 
the material of the solid. 

The coefficient of linear expansion of a solid is defined to be 
the increase in length per unit length of the material for a rise of tem- 
perature of 1°C for ordinary range of temperatures. ” : 4 

The coefficient of linear expansion of iron is 0000019. This state- 
ment means that a rod of iron, lem. in length, increases by 0000012 
em, for rise of temperature of 1°C. i ka 


Fig. 11 
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Below we work out the formula for this coefficient. 
Let the original length of the rod at 0°C be= 


» length of the rod when heated through (^O , =l; 


and » cofficient of linear expansion of the solid , =4, 
Then the increase in length for a rise of t°C = reos 
æ theincrease ,, wor 19 =(le—lo)/t 


Hence, by definition, ilia mean coefficient (X) of linear expansion 
between 0°C is given by 


hlo 
<= Tee .-.(18.1) 


In other MOTAN, the cefficient of linear expansion 
increase in length 
^ original length X rise of temperature ' 


From (13.1) it is thus apparent that the coefficient of linear 
expansion of a metarial would havethe same value, whether its lenght 
is measured in centimetres or in feet. Therefore the coefficient of 
expansion is independent of the unit of length. But it depends upon 
the scale of temperature in which the value isfound, For example, 
if the Fahrenheit scale is used, the coefficient of linear expansion 
becomes different from that measured in centigrade scale. As 1°F=5 
of 1?C, the cefüicient of linear expansion of iron 

$X 0000012 — 070000066 per °F. 

Again from (1' 3 we have 1; — lo — lot. j 

Hence 1; =15 d- lost — lo(1-- 1). ..(13 8) 

For a wide range of temperature, the coefficient of linear expansion 
is nearly constant. 

14. Expansions at different temperature—Suppose a body. 
not initially at 0^0, is at some other temperature t,°C. Then at & 
different temperature $,?C its length may he obtained in the 
following way ; 

Let lo, lı and la be the lengths at 0°C, #,°C andt?°O, respectively 
and let £3 be greater than t,. 


Then J, — lo (17-€4,) and 15 —19(1-- ts). 
ab N 
EN ls TELs m (1 bst)(13-1,)7* 
l lT« "m 
Since « is à very small quantity, square or higher powers of X may 


be neglected. Expansion of (1--«14,)7* binomially up to two terms, We 
have (1--34,) * —1— £5, so that 


ie 2 =(1+<t)iL —«t1)9 Lo (ta — t1) — Xt te. 


M terms containing powers of higher than the first, we 
derive l = AN —t4)«]. (14.1) 

X Tait 

or. PS A See. o bel oa 14.2) 
i de n MEOS =t) ( 

This expansion is similaris the one in (13.1) except that original 
ensth is taken not at 0°0. Thus if coefficient of linear 


JS 


SS — 
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expansion of a solid be taken’to be very small, it is immaterial whether 
the original length is measured at O°O or at the room temperature. 
15. Determination of the Coefficient of Linear Expansion of a 
Solid by Pulli ger’s Apparatus—The apparatus consists of a steam 
jacket J (Fig. 12) held vertically in a suitable frame 
F. The ends of the jacket are closed by rubber 
corks. It is provided with inlet and outlet tubes 
for steam and with two other side tubes for inser- mS 
ting thermometers T.T. The material of which the 
coefficient of linear expansion is to be determined, 
is taken in the form of a rod R about a metre in 
length. It passes into the jacket through the top 
and stands vertically inside the jacket. The lower 
end of the rod rests firmly on @ slab of marble or 
glass or on a vertical pivot fixed to the base board 
of the apparatus and is thus prevented from expand- 
ing in the downward direction. The upper end of 
the rod, which is free to expand, passes just outside 
the jacket and projects through a hole in a glass 
plate G placed horizontally at the top of the frame. 
A spherometer S is placed with its three outer legs 
ou the plate G, while the central leg passes 
through the hole and can be screwed down to 
touch the upper end of R. 


The rod is taken out and its length is measured 
at the room temperature with & metre scale. It 
is then placed in position in the jacket tube and 
after some time its temperature is noted from the thermometers, If 
the two thermometers give different readings, the mean of the 
readings is to be taken which gives the initial temperature. The 
spherometer is now placed on the plate G and its central leg is 
screwed down just to touch the upper end of-R. The reading of the 
spherometer is noted and the central leg is serewed up to make room 
for the rod to expand. Steam from a boiler is now passed through the 
jacket J. The temperature inside gradually rises and finally becomes 
constant, as would be shown by the thermometers. If, the steady 
temperatures as recorded by the thermometers, show slightly different 
readings, the mean of the two temperatures is to be, taken as the 
final temperature. After waiting for some time in order to be sure that 
the rod has attained a constant temperature throughout, the central 
leg of the spherometer is again screwed down just to touch the upper 
end of Rand the reading is noted. The difference between ‘the two 
readings of the spherometer gives the increase in length of the rod 
for the rise of temperature during the experiment. : 
. Let the initial length of the rod be 
increase in its length, as given by the gpherometer ES A 
and initial and final temperatures of the rod respectively =ts and/ta°C. ” 


D 
T ; | MEL) ESE: 
hen from (14,2) it follows that Miata). 


=} 


Pi 1/M—2 
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Instead of a solid rod a hollow metal pipe with closed ends and 
having arrangements for circulating steam within it is sometimes 
used. On its outside the pipe is covered with non-conducting 
substance (such as felt or Hannel)so as to prevent much heat from 
being lost. The expansion of a solid rod or a hollow pipe of the same 
length and of the same material is the same. To know the instant of 
contact between the rod and the spherometer, one terminal ofan 
electrical battery is sometimes connected to the rod, while the other 
terminal is connected through a galvan;meter to the spherometer, 
So long as there is an air gap between the central leg and the rod, the 
electrical circuit is not complete and the galvanometer shows no 
deflection. But the moment the two are just in contact, there isa 
deflection in the galvanometer. The sperometer is then read. The 
rest is Similar to the exporiment mentioned above.* 


_Co-efficients of Linear Expansions of Solids 
(Mean Coefficients per °C between 0°C and 100°C) 


Invar ...0 0000009 Nickel ...0:0000130 
Glass -..0°0000089 Copper ...0 0000167 
Platinum - ..0°0000089 Brass ...0 0000189 
Bteel +-.0°0000110 Aluminium ...0:0000238 
Iron ...0 0000116 Zinc «..0:0000298 


16. Travelling Microscope Method—This is a very accurate 
method of measuring a small change in length or comparing two 
lengths which are nearly equal to each other. Hence this is some“ 
times called the comparator method. The specimen, whose linear 


\ 


Fig. 13—Comparator Method : 


expansion is io be measured, is taken in the form of a rod or a pipe. 
In Fig. 13. P represents a hollow pipe nearly one metre in length and 
closed at two ends by corks or rubber stoppers. Hach stopper i8 
provided with two holes, through which a thermometer and an inlet 


RON c espesor SE tata 
Soto of the experiment, ee 3. Chatterjee’s Fundamentals of 


y 


A 
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glass pipe may be introduced. There is an exit pipe fitted at the 
central part of the pipe. The pipe with its equipments may be placed 
in a horizonatal position on two blocks of wood. 


Two microscopes M, and Mg, which may be slided over a horizon- 
tal metal scale S, carry two verniers V, and Va or micrometer screws. 
Slight lateral movement of either microscope may be accurately 
measured with such attachments. Two marks A and B are made at 
the ends of the pipe. Thermometers and pipe fittings are made as 
shown aud the inlet pipes are connected through rubber tubings to 
a boiler containing water at the room tempearture. To the nearest 
millimetre the length between the two marks A and B is measured 
with the scale S or any other metre scale. Let the length so read 
at the room temperature t4 O be J em, ‘The microscopes are then 
focussed on the marks and their positions are read accurately with 
the vernier attachments. Suppose the respective initial readings of 
the microscopes are O4 em. and Og cm. 


Then the boiler is heated. Steam on being formed circulatesthrough 
the pipe and passes out through the exit. Thermometers record a rise 


. in temperature. When they record a steady high temperature such as 

te O, the microscopes are slided properly and the marks are again 
focussed. Let the new readings of the microscopes ‘be Cs cm. and 
C,em. respectively. Then the elongation on one side is (04-01) 
‘em. and on the other side (0, — Os) cm. Thus the total elongation is 


the sum of the two. Letit& be c em. 


Then the Coefficient of Linear Expansion debe RETE ...(16'1) 
: 27 la 


17. Coefficient of Superficial Expansion—It is defined to be 
the increase in area per unit area of a surface for a rise of temperature 


of 1°C., 3 i 
Let the original area of the surface at 0°C be =o, 
and the area of the surface at t°0 =8, 
and coefficient of superficial expansion of the solid =6, 
Then, by definition, p= Bre. hr 
0 
", Se- So — Soft, or Se= Soll +P). (17,2) 


Relation between « and B- Consider a square lamina ABCD of 
a homogeneous solid of side lo em. at 0°C (Hig. 14) Then its area at 
00 is given by S, 27,2. Att O let the square assume 8 larger shape 
as given by AEFG, Then ihe increase in area is given by the shaded 
part BODGEH, 
At t^, the length of each side becomes l= (0 4-1). 
2 
the area at ¢°C is given by Bie f+)". 
Again, considering the area as a whole, 8,89 (Ltt), 
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| 5 Now as 4 is very small, we ' ean neglect powers of « higher th 

the first. , à 
‘Hence, So (1+ Bt)={lo(1-+ tf? -1,* -F9«t). 
^V. since Bo—1o*, L+bt=1+ 2X or, f —2«. 

Thus the coefficient of superficial expansion 
=2x (coef icient of linear ewpansion), 

It is evident from (173) that if the coeffi 
of linear expasion of & solid be known” 
coefficient of superficial expansion may be read 
found. For example, the coefficient of lint 
expansion « for brass is 1'89x10~* and if 
certain brass surface of unit area be raised i 
100°C, its actual area (1+«t)* becom 
equal to 170037835 The quantity (1-240). 
equal to 100378. These two values are eq 
- up to the fifth place of decimals, Thus here 

Fig. 14 asis to be expected, p= 2«. 

48. Coefficient of Cubical Expansion of Solid —It is d 
to be the increase in volume per unit volume of a body for a risi 
temperature of 190. Let the original volume of the body at 0°S 
Vo, the volume of the body at ¿°C be V, and the coefficient of eub 
expansion of the solid be ?. 


Hence, by definition, »— 


Vi-Vo 
i Noli s 
SCVam Vot Vol, or Vy Vo (1+). 
i Relation between « and 7— Consider a cube of substance 
the length of each side being lo em. at 0°O. If Vo be its volume 
0°C, Vo=lo* ; y 
_ At tO the length of each side becomes 7; 2, (1-- 2). 
e, the volume at 2"O is given by Ví (ta mx. 
Again, taking the volume as a whole, V4 — V.(1-?1). o A 
-< Neglect, as before, powers of € higher than the first, inasmuch 
as « is very small, Hence iw A 
eoo o Nee) Lol E? = To" (1+3). 
sn since Vo=lo®, 1- yt 1-2- 8&4, or, y —3«. "ay MASS 
. "Phus the coefficient of cubical expansion 
Bis 2:8 X (coeff. of linear expansion). ~ 
Tt ig evident from (18°83) that the coefficient of cubical expansio 
of a solid can be calculated, if the coefficient of linear expansion 1 
known. Itis to be remembered that for a particular rise ' 
- temperature a hollow body and a solid one of the same mate 
and of same shape and volume inerease by equal amount. 
If the initial temperature of the solid be ¢,°C instead of 0°C 
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df Vi. be the corresponding volume, it can be established exactly as 
án (14.1) that the volume Va at ts is given by 


Ver Vill Y ts 


Ve —Ve 
whence y= are 
p Vilts—ta) 


Examples è 


i. The length of & copper rod 
00'664 om. Fiad its length at 0°O a 
copper. 

Ans. Let the length of the rod a 
expansion of copper ba €. 


ti (18.4) 


at 50°C is 900'166 cm. and at 2000 it is 
nd the coefficient of linear expansion of 


4090 bel, om. and the coefficient of linear 


Then l, (14+50%) =9200'166 and lo (1-++200%) =200°664, 


On divisi 1--900X _ 200°664 
n division, ix50€ soriee 


ence X=0'0000166. 


Substituting the value of & Zoll + 50 x 0:0000166) =200°166. 


whence the length la = 200 cm. 


9. Railway lines are laid with gaps to allow for expansion. 
5 inch at 10°C, at what temperature will the lines just 


stael lines, 66 ft. long, is 0° 


Tf the gap between 


touch? (Coefficient of linear expansion of stoel is 11x 107*). 
[C. U.—1958 ; Gau. U.—1951] 


Ans Bach line can expand 
in, In order that consecutive lines may 


Now, elogation="5 jn. — 0416 ft, 


*95 in, at each end making a total elongation of '5 


just touch other. 


Tf the required temperature be 1C, we find 
66x 11x 107* x ((—10) = -0416, whence the temperature t=67'3°0. 


9. An iron ring, which is 1 ft. in 


1:005 ft. in diameter. Tf the temperature of the ring 
to which it must ba raised, 8° that it will slip g the 


diamater, is to be shrunk on a pulley which is 
is 1090, find the temperature 
cireumference of the pulley 


(Coefficient of linear expansion of iron - 0" 


Ans. The iron ring of diameter 


xfi. Inorder that it can just fit ona pulley who 
TX1005 ft., the circamterencial elongation © 


TX'006 ft. Now the elongation must 
Let the required temperature be 2*0. 


Thus zx 1x ‘000012 X ((-10)9 2X" 


whence the desired temperature é 


4. A zino rod is measured by means of 8 
and is found to ba 10001 metre long at 10°O. 


be brought about by a change of temperature. 


005, 
E (Exo soy -426:090 A 
12 
brass scale, which is correct at 0°O, 


What is the veal length of the rod at 
000029 and of brass is 


0°C* (Moan. coefficient of linear expansion of gincis ' 
1961, Utkal U.—1964] 


*000019 per degree C.) 


Ans, Asthe brass scale jis correct 
(1+ 1000019 x 101m, or 100019 m. at 1 
the scale at 10°O as 1 m, Hence the 
correspond to (17000 l+ 1700019) m. or 


[Nag. U.— 


at 090, 1 metre of the scale at 0°O would be 


0°G. Bat 100019 m. ig apparently read by 


apparent reading of 1000 m. at 1098 wo 
100929 m. in the correct scale at 0*O. Thus 


the length of the zino rod ab 1090 is 1100029 metres, 


T 
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- If the length of the rod at 0°C be 7, then by the stated condition, 
Je (1+ 000029 x 10) = 1700029, or, 1 x 100029 = 1*00029. 
whenee the length 7,=1 m. 


5. An iron seale is correct at 0°O and the length of a zinc rod as measured by 
the scale is 100 em. when both the scale and the rcd are at 0°O, What will be the 
length of the zine rod as moasured by the iron scale when both of them are at 100°C, 
the coefficient of linear expansion of iron and of zinc being '0t0019 and ‘000096 
respectively per degree centigrade ? [Pat. U.—1952] 


Ans. At 0°O the length of the zinc rod —100 om. 


At 100"0 the true length of the zinc rod =100(1-+'00002 x 100) cm; When the 
zinc rod is measured with an iron scale at 100°C, each centimetre of the scale at 
0°C becomes (1+'000012 x100) om, at 100°C, Thus each true centimetre length at 

1 : 
10°C 1 m= E , 
10 would apparently read T0013 em. 4.e., '0988 cm 
+. the requized length of the zine rod at 10090, which is 100°96 cm., would 


be apparently read by the iron scale at 100°O to be-(100:26x':9988) cm = 
10014 cm, 


6. Alumpotiron has a volume of 10 cu. ft. at 100°C, Find its volume at 


'25?0. (a for iron=0°000012), 


Ans. We have y for iron=3a =0'000036, 
Let the required volume at 2520 be V, cu, ft. 
Hence the relation V, — V, {1+ J (£s — t,)f leads to , 
V3(1--0:000036(100 —25)) — 10 
whence the required volume V,=9'97 cu. ft, 


19. Practical Cases of Expension of Solids—The expansion 
Or contraction of solids due to temperature variation is practically 
utilised in a number of cases, In laying down rails on a railway 
track, small spaces are left between consecutive rails in order to 
allow room for expansion when they get heated. The slots in the 
fish-plates serve the same purpose. To allow for contraction in 
winter the telegraphic wires are given enough gap. The metallic water 
pipes and gas mains have telescopic joints to allow for change in Jength 
due to variations in temperature. 


. Inthe contruction of an iron bridge, each part is allowed free- 
dom of expansion. The ends of the girders, for example, ere not 
rigidly fixed on the fuppotts but are placed upon rollers, so that they 
can expand or contract without causing any strain on the supports. 
The ends of the irdn bars in a furnsce are kept free ; otherwise they 


would,bend due to éxpansion on heating. When iron pipes are used 


for conveying hot water or steam, they are fitted with some device 
allowing for expansion and contraction. 


On account of unequal contraction of different parts, metal 
castings May sometimes crack on cooling. Thug, in casting a wheel 
with thin rim and massive arms, the rim cools and solidifies much 
more rapidly than the arms and then Opposes contraction of the 
latter, A great stress is thus set up which may break the rim or 
Some ofthe arms. By making the arms bent this is got rid of. 


Ii very hot water is poured into a thick-bottomed drinking vessel 


. same as that of the former. 
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it would often crack. As: glass isa bad conduekor of heat, 


of glass, 
the inner and the outer layers of the thick portion do not rapidly pick 


up the same temperature and 80 expand unequally, causing the glass 
to crack. Similar effect may be observed when iced water is pub into 
a glass tumbler, A vessel of fused quartz would stand quick vat jation 
in temperature, a8 its expansion is extremely small. 

Sometimes metal wires are sealed into glass vessels for making air- 
tight joints, e.g. 1m electric lamps. Ifa copper wire is fused into , 
glass, the glass will crack during cooling, 89 copper contracts more 
than glass. Buta platinum wire can be safely sealed into glass, 
as the coefficient ob linear expansion of the latter is practically the 

" Nowadays for the sake of economy, 9 


nickel-iron alloy. called platinite, is used for the construction of elec- 


tric lamps. f 
When metal rods or chains are used as m 
temperature should always be noted and a correc 
variation, The Standard Yard is taken to be the distence, at 
62°F., between two fine marks on gold or platinum plugs inse 


ried 
into a bronze bar kept at the Standard Office. The istandard metre 
is correct at 0°C. 


The diameters of iron byers of cart wheels are sligh 
those of the wheels. Such a tyre is Very strongly heated so as to 
be easily put round the wheel. As the tyre cools, it contracts and 
fits tightly upon the wheel. Boiler plates are rivetted with red-hot 


rivets ;on cooling, the revets contract and grip the plates so tightly 
as to make the joints steam- proof. Big guns are often made by sliding 
nner tube. Each 


several cylinders one above the other upon an i 
cylinder in & red-hot condition is put round the inner one and on 
cooling fits tightly upon the latter. By these means the enormous 


pressure developed due to the combustion of the powder is uniformly 
Sometimes a stopper 


distributed throughout the body of the gun. a sb 
sticks tight into the mouth of a glass bottle; if the pottle is slightly 
Warmed at the neck, the neck gets heated earlier, expands and loosens 


the stopper. : 

Thermostat is an instrument in which the differential expansion 
of a compound bar of two dissimilar metals is utilised. Tt is used in 
fire alarms and in automatically controlling temperature 1D 
incubators, In constructing chronometers, watches and clocks, 
arrangements are bo be made to avoid the effects of change of tem- 
perature on the time-keeping parts. For such purpose clocks are 
provided with compensated pendulums. and watches and chrono“ 
meters with compensatad balance wheels: 

20. Compensated Pendulum—The time T for one complete 


oscillation of a simple pendulum is given by the relation + 


AE 


easuring instruments, 
tion applied for any 


tly'smaller than 
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where / stands for &he distance from ithe point of susrension to the 
centre of gravity ofthe bob, and g for the acceleration due to gravity. 
The pendulum in a clock should be so designed that the time 
period may remain constant throughout the seasons. A change of 
‘temperature affects the length /&nd so also the time period T, 
With rise in temperature 7 increases: therefore T also increases 
and so the clock goes slow. When the temperature falls, / decreases; 
. consequently T also decreases, and so the clock goes fast. Hence 
with an ordinary pendulum a clock has a t:ndency to lose in hot 
Seasons and gain in cold seasons In order that the clock may keep a 
correct time at all seasons the pendulum of a clock must be provided 


with special devices in order that the effective length of the pendulum — 


remains unaltered in spite of the variations in temperature. Sucha 
pendulum is termed a Compensated Pendulum. 


In an ordinary clock pendulum there is a heavy metal dise, 
which can be slided up and down a rod. There is a amall nut 
Screwed at the end of the rod just under the 
dise, As temperature rises, the rod increas- 
es in length ; the dise or the bob moves down. 
80 that the effective length increases. To 
effect compensation inthis case, the nut is 
screwed up a bit so as to raise the centre of 
gravity of the pendulum as a whole to its 
former position and to make the effective 
length constant, When due to a fall in tem- 
perature the rod contracts, the nut is screwed 
down so as to effect the adjustment. Compen- 
sation by this method is not automatic but is 
to be done by trial. In one form of clocks, the 
automatic compensation is accomplished by 
15. Fig. 16. the following arrangement : 


^,  Harrison's Grid iron Pendulum-— The painciple of this pendu- 
tum may be understood from the following explanation: Let A B and 
‘GD (Fig. 16) be two rods of different materials and of unequal 
lengths joined by eross-bar BO. The end A being fixed, the rod AB is 
allowed to expand downwards, while the rod GD being rivetted at C 
can expand upwards. If the lengths and the materials of the rods be 

So chosen that for an equal rise of tem perature each increases by 
the same amount, the downward expansion of AB equals the upward 
expansion of OD. Hence the lowering of the end B is thé same 
as the rise of the end D, so that the distance between Aand D remains 
constant, whatever be tbe change of temperatures. 

If the respective coefficients of linear expansion be « and « and the 
lengths of AB and OD be 7 and l then for a rise or fall of tempera- 
ture through ¢°C we must have 

Uxt =U, or, 1K 5147, ort= i 


A 


Ux 


COTES 


UAM HESS 
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It is clear that the lengths of the rods must beinversely proportional 
+o the respective coefficients of linear expansion. Evidently. the shorter 
rod GD should be of more expansible material than the longer one AB. 

In an actual grid-iron pendulum, the bob is carried by ® frame” 
work made of 9 parallel rods (Fig. 15), made alternately of brass and 
steel ; there are 4 brass rods (shown by double lines and 5 steel rods 
(shown by single lines) including the central one which carries the bob 
B. The end of the rods are attached to cross-pieces in such a way 
that the steel rods are fixed at the upper ends and can expand down- 
wards, thereby tending to lower the position of B, while the brass rods 
being fixed at the lower ends can expand upwards, thereby tending to 
yaise the position of B. For the sake of compensation the total 
downward expansion of the steel rods must be equal to the total 
upward expansion of the brass rods. Again, save and except the 
central steal bar, all the bars occur in pairs. A8 each pair of similar, 
rods made of the same metal and attached to the same cross-piece 
expands in the same direction by the same amount, determination of 
the displacements of the bob demands consideration of the expansion 
-of one rod of each peir. 

Let Z be the total length of the three steel rods (a.b) as one 
half of the frame, and l' the total length of the brass rods (de) in tho 
same half Ifthe coefficients of linear expasion of steel and brass 
be 4 and «', than K=U% | i 

L gf 19x10. es 
on y"'« 12x10 ^ 12 
‘go that for the sake of compensation, the effective lengths of the steel 


and brass rods are approximately in the ratio 3:2. 1 
Nowadays the process of compensation 18 effected more easily 
by having the pendulum rods made of an alloy of steel end nickel 


prepared by M. Guillaum and named invar \invariable steel). As 
its coefficient of linear expansion js only 070000069, the change in 
cbically inappreci- 


length for ordinary variation of temperature is pra 
able, Standards of length also are made of invar. Due to tempers- 
ture changes substances like fused quartz and silica also have Very 
negligible, expansion. Consequently due to sudden temperature 
variations vessels made of these substances have little chances of crack. 
21. Compensated Balance Wheel of a Chronometer oF à 
‘Watch—The motion of the hands of a watch or 9 chronometer 18 
o mainly controlled py the vibrating balance wheel, 
the period of oscillation of the wheel depending 
upon its diameter. ^n ordinary wheel would in- 
crease in diameter when temperat 
a result its poriod of oscillation becomes larger. 
Hence the watch in hob seasons would go slower. 
The compensation js secured in. the following 
way. The rim of the wheel is divided into three 
Fig. 17. sections, each of which is supported at one end 
a spoke of wheel and carries & compensating mass screwed ab the 
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other (Fig. 17). The Segments are made of strips o'two dissimilar 
metals, the more expansible one remaining outside. 


As temperature rises, the spokes increase in length and carry the 
ends of the respective segments of the rim outwards ; but owing to 
the greater expansion of the outer metal of each strip, the other end 
of the segment moves inwards, thus bringing the compensating 
‘Masses nearer the centre. Ifthe wheel is so constructed that out. 
ward displacement of the masses due to expansion of the spokes is 
equal to the inward displacement due the curling of the segments, 
the average diameter of the wheel does not change ; consequently the 
period of oscillation of the balancs wheel is unaffected by changes of 
temperature and the watch keeps right time, 

Examples : 


1. A grid-iron pendulum is made of 4 brass rods, each of length 50 cm., and 
5 iron rods. Find the length of each iron rod. (For iron a@=0'0000117 and for 
brass « =0'0000187), 

Ans. On each side o! the central iron rod carrying the bob, there are one pair of 
iron and one pair of brass rods; but asthe expansion of the rods of the same 
material on either side is the same, 3 iron rods and 2 brass rods are to be taken as 
doing the compensation. 

Let ths length ot each iron rods at t, the rise of temperature, be 1 cm. 

Here expansion of 3 iron rods —expansion of 2 brass rods. 

“. 8x1x0:0000117 x122 x 50x 00000187 x t. 

Thus the 2 is 53°3 om, 


2. A clock, which keeps correct time at 25°C, has a pendulum made of brase.. 
How many seconds will it gain per day, when the temperature falls to the freezing 
point? (Coefficient of linear expansion of brass is 0°0000187). 


Ans. Let the length of pendulum at 0°O be 7, and that at 2500 bel. Let the 
Corresponding time periods be t, and t. 


ats An 117-95 x 00000187) f H 
5 NE md | Erie (149 0004675 )3 
=1+4 x 0'0001675 = 10009337, 


But as at 25°O the pendulum keeps correct time, £—1 sec. and so at this tempe- 


rature the pendulum makes (60 x60x 24) or 86400 complete oscillations in a day of 
86400 seconds. 


D i i zs 1 
At O'C the time period is given by ESTEE, sec, 
+. the number of oscillations made per day—86400-- 1 — =86420'2. 


“10003837 — 
“© the clock gains by (86420:9 — 86400) secs. =90'2 seconds, 


— 8. An iron clock Pendulum makes 86405 oscillations in one day ; at the end of 
the next day the clock has lost 10 seconds, Find the change in temperature. 
(The coefficient of linear expansion of iron is 0000117). 
|A. B.—1952 ; U. P. B.—1957 ; Pat. U.—1904) 

Ans. Let tho change in temperature be 0?Q. 

With the usual symbols for à pendulum, £— ar 4/1/g. 
-Det lbe the length and ¢ the time period of a pendulum on the first day. 
Let 2’ be the length, and 7’ the time period on the next day, 

'À correct pondulum makes 94 X60x60, = 86100 oscillations a'day. ` As the 
pendulum makes 86105 oscillations on the first day, t= (86400—-86405) sec. 


mY 
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As the pendulum loses 10 se conds on the next day, it makes 86995 oscillations on- 
the day, so that i^ —(86400—-86395) sec. š 


t” 86405 
arogo 86895 
Ü ir UIEN V s 
m oe fu ; = JiXaà-(14-4x 00000111 j* 
^ 4.86405 
Honce we find (14-0 00000117) 86395' 


Solving this equation, the required temperature 9=10°6 C. 


EXERCISES ON CHAPTER II 


Reference: 
1. Two long flat pieces of metals, one of copper and the Art. 12 
other of iron, having the same dimension, are rivetted together 
at the two ends to forma single flat bar. When this bar is heated, 
it bends with its concavity towards the side of iron, Explain the 
phenomenon. 
2. Define coefficients of linear and cubical expansions. Do Arte. 
they differ when the lengths are measured in centimetres or 18 & 18 
. feet? (Dac. U.—1963 ; O. U,—1954, '57 ; Of. Nag. U—1956) 
3. Define coefficient of linear expansion. Does it depend Art, 19: 


on (i) the unit of length, (ii) soale of temperature ? (V. U.—1952) 
4. Define the coofficient of linear and cubical expansions of 18 & 13 
a solid.. Show that the latter is three times the former, 
(E. P. U.—1951 : Of. C. U.—1955 ; P. .—1962 
Cf. Pat. U.—1962 ; Gau. U.—1961) 
5. The distance between Allahabad and Delhi is 390 miles. Art, 13° 
Find the total space that must be left between the rails to 
allow fora change of temperature from 369F in winter to 117°F 
in summer. Given expansibility of iron-12x107* per degree 
centigrade. f 


Ans. 0°21 mile (nearly). 
6. A glass rod when measured with æ zinc scale, both being Art. 19: 
at 20°C, appears to be one metre long. If the scale is correct 
at 090. what isthe trae length of the glass rod at 0°C? The 
iy pic of linear expansion of glass is 8x10-° and that of zinc 
18 X 107°, 


Ans. 100'086 om. 


7. The height of a barometer appears to be 764 cm. accor- Arts 
ding to a brass scale which is correct at O90. If the tempera“ 18 & 15 
ture at the tima of reading is 30°C. What is the actual height of 
that mercury column? The coefficient of linear expansion of 
brass is 00000189. How is this quantity determined experi- 
mentally ? 

Ans. "76:44 cm. 

8. A steel tyre, 4'Ü foot in diameter, is io be shrunk on to 9 Art, 1% 
cart wheel, of which the average diameter is $ 
tho inside diamoter of the tyre. Assuming the coe 


linear expansion of the material of the tyre 
calculate the necessary rise of temperature of the tyre in order that 


it may easily slip on the wheel. 
Ans, 917*'020. 


Art, 13 


Art. 15 


Art. 18 


Arts, 
13 & 18 


Art. 15 ^ 


Art. 17 


Art, 18 


Art, 13 


INTERMEDIATE PHYSIOS OSAP 


à 

9. -A man wishes to fit an aluminium ring on a steel rod 
one inch diameter; but it is "001 too small in diameter. How 
much should its temperature bo raised before it will just slip - 
on? Subsequently he wishes to remove it again; but new he 
has to heat both metals together. Through how many degrees 
must this be done? (Coeff, of expansion of aluminium= 
*000010). (Gau. U.—1959) 

Ans. 40°0 ; 667°C, 

10. One end ef a stoel rod of length G1 cm. is fixed and the 
other presses against an end of a lever 105 om. from the 
fulernm. On being heated through 500°C; the rod turns the 


lever through 2°, Find the cofficiont of linear expansion of 
rod. (90° =7/2 radians). i 


Inorease 
305 

^ inorease in length — (10:5 x 2 x *;" x 515) cm, 0:866 cm. 

Ans. 0000012 per 7O. 


2x 


ints: =0 radians — 777 radians. 
Hinis 0 radians = Fog radians, 


ll. Describe any method of finding the coefficient of linear 
expansion of a metal rod. 


(Gau. U.—1963: ©. U.—1952; Nag. U,—1951, 65; E. P. Ue 
—1971) 


19. Compare the density of lead at 100°C with that at—100°C. 
assuming that its coefficient of expansion remains constant 
within these limits of temperature, (Coefficient of linear expansions 
of lead ='000028), 


Ans. °983;1. 


18. Explain what is meant by the coefficient of linear expan- 
sion. State the relation it bears with the coefficient of cod 
expansion, (0. U.—1943, 


14. Describe any method of determining the coefücient of 
linear expansion of solid. (C. U.—1953 ; P. e 
Dac. U.—1964; E. P, U.—1900 ; Pat.: U.—1962 ; Gau. U tT 


15. A sheet of brass is 50 cm. long aud 10 cm. hor 
0°C. : the area of the surface increases by 19 sq. om. at 10955) 
Find the coefficient of linear expansion of brass. (V. U.— 


Ans. 19x107* por °C. 


16. Ths volume ofa lead bullet at 07C is 25 c.c. The "d 
increases at 98°C by 0'021 c.c. Find the coeficient of lim 
expansion of lead, 


Ans. 23'6x107* per "O. 


17. A bar of stool is heated through 200°F and securely C 
at each end while at this increased temperature. What ford 
square inch of section is the bar capable of exerting, when ju 
cooled down to the original temperature, provided that fixings $t 
both the ends remain rigid? Mean coefficient of expe 
between 32°F and 212°F=6-7x10-* and the modulus 
elasticity —14400 tons per aq. inch. 


Ans. 18°76 tons- wt. 


^ 


| 
| 


a 
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18. Two flat circular discs, ona of platinum. and the other 
of silver, of equal radius and each 4 mm, thick are securely 
fastened back to back when at 070, They are then suspended 
in water boiling a& normal pressure. Show that they will be bent 
so tnat they form a section of a hollow sphere and determine their 
radius.of curvature. Given the coefficient of linear expansion of 
silver is 188 X 107° per degres cantigrade. 


‘Ans. Radius of curvature —404 cm. 


19. Describe the effects of varying temperature on the rate 
ofa clock or a watch. Explain how chronometers are cons- 
irueted so as to keep accurate time in spite of changes in 
temperature. (0. U.—1955 ; Al. U.— 1962) 

20. Why should the time of oscillation of a clock-pendulum 
chango with the rise of temperature? What atrangement is 
made to make the clock keap correct time both in warm and 
cold weathers? Given that the coefficient of linear expansion 
of brass is 19Xx10-*,and that ot steel 11 X 107°, what must be the 
relative lengths of the bars of the metal used in gtid-iron 
pendulum ? | ; 

Ans. 11:19. 

21. What is compensated pendulum ? Explain the prin- 
ciple of construction of Harrison's grid-iron pendulum. 

A gird-iron pendulum is made of 5 iron rods and 4 brass rods. 
Fach of the brass rods is 50 cm. in length. Find the length of 
each iron rod. The linear coefficient of expansion of iron is 
12x 10-* and that of brass is 18 X 10 *. (C. U.—1968) 


Ans. 50 cm. 
22. The pendulum rod of a clock is made o! wrought iron 


and the pendulum swings Once per second. If the change of 
temperature is 92590, find the alteration in the length of the 
pendulum. (Coefficient of linear expansion of the wrooght iron is 


D 


' 11:9x107* and g —980 om./sec*.) 


Ans. 0:029 cm. LIA 
23, Write explanatory notes on compensated clock pendu- 
lums and watch balance wheels, Give*diagrams. 


— 
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Reference: 


Art. 1T 


Art, 21 


Art. 20 


Art, 20° 


Art. 20 


Arts. 
20 & 21 


CHAPTER III 
EXPANSION OF LIQUIDS 


22, Expansion of Liquids—Like solids liquids also expand 
when heated. But as liquids have no 
definite shape of their own but have fixed 
volumes, they possess volume or cubical 
expansion only. Expansion of a liquid, 
therefore, always means cubical expan- 
sion, For a given rise in temperature 
different liquids expand by different ex- 
tents. Fig. 18 represents a number of 
glass bulbs A,B C, etc., of equal capacity 
each being provided with athin stem 
and fixed vertically in a suitable frame 
V. All the bulbs are enclosed in atrough 
at the base of the apparatus. Different 
liquids are poured to the same height 
into the bulbs at the room temperature, 
Fig. 18 so that they occupy equal volumes ab 
this temperature. Into the trough hot 
water is now poured, so that each liquid is heated equally. But 
the rise of level in different vessels is different. This shows that 
expansibility differs with liquids. For an assigned rise of temperature, 
the volume expansion ofa liquid is generally more than that of 
a solid. 


Real and Apparent Expansions— The expansion of the liquid 
idue to a rise of temperature is always accompanied by an expansion of . 
the container. Take a large glass bulb provided with a 
Jong stem of uniform narrow bore (Fig. 19) Fill 
the bulb and a part of the stem up to A witha 
liquid. Ifthe bulb is now suddenly immersed intoa 
bath of hot water, the level of the liquid momentarily 
comes down toa level Band then gradually goes up to 
'G higher than A. Thisis so, because as the heat is 
‘supplied from outside, the vessel is warmed earlier than 
the liquid. The capacity of the vessel being increased, 
the level of the liquid falls. The heat then passes into 
‘the liquid which ultimately attains the temperature of 
the bath. As liquid is more expansible than glass, its 
level finally rises above A. In fact, we observe the 
‘expansion from A to ©; the volume AC, therefore, 
measures the apparent expansion of the liquid. 


Fig. 19. 


Ifwe make a simple assumption that the vessel has first attained 
the temperature ofthe bath without importing any heat to the 
liquid contained and then the liquid has been warmed up to the 
Semperature of the bath, then for the given rise of temperature the 
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volume BO measures the real expansion and AB measures that of 
vessel. Figure 19 shows that AC=BC— AB. 


Apparent expansion = Real expansion— Expansion of the con- 
taining vessel, 
ie, Real expansion=(apparent expansion) +(Hapanston of ihe 
container) 


23. Colficients of Real and Apparent Expansion—The co- 
efficient of real (or absolute) expansion of a liquid is defined to be the 
ratio of the increase in volume (of & liquid for a rise through 1°C) to 
the original volume. If Y be the coefficient of absolute expansion; then 

y= real expansion 

(original volume) X irise of temperature) ' 

The coefficient of apparent expansion of a liquid is given by 
, observed expansion of the liquid 


(original volume) X (rise of temperature) : 


Relation between ” and ?/— Suppose that the stom of the bulb 
in Figure 19 is graduated. Let the liquid stand at A when its tem- 
perature is 0°C, and let the level come to C when the temperature 
rises by t°C, Let Vo be the volume of the liquid up to A at 0°C, and 
U, 01,02 the volumes represented by BO. AC and AB respectively. Let 
Y, Y' be the respective coefficients of absolute and apparent expansions 
of the liquid. Denote the coefficient of cubical expansion of the 
material of the vessel by Yo- 

Then, for a rise of i90, V=Vorbs v=Voyt and vs— Vogt. 
Now since v=01 +2: it follows Vort=Vor t Vorots i 

Hence Y =y +70. 


Thus the coefficient of roalexpansion=(coefficient of apparent expan- 
sion)+(coefficient of cubical expansion of the material of the vessel), 


24. Determination of Coeficient of Appareut Expansion of 
a Liquid— 

The Volume Dilatometer Method—Sppose the volume of the 
bulb in Figure 19 is known and the stem is graduated in equal divi- 
sions. The bulb and a part of the stem are filled with the given liquid. 
The bulb is then kept for some time in a bath at 0°C. From the 
position of tve liquid surface the volume at 0°C is obtained. The bath 
is then raised to a fixed higher temperature, 88y, 1*0, and the position 
of the liquid level at this temperature is noted again. 

If the area of cross-section of the stem be 4 sq, cm. and the dist- 
ance, through which the liquid column moves be lem, the increase in 
volume is 7% ¢,c. j 


y=, 


Neglecting the expansion of the bulb, Vor 


x 
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weighing the 


The volume of the bulb can be measured at any temperature hy 
vessel empty and then again weighing the bulb filled 
with mercury at the same temperature. The 
difference in weights gives the mass of mercury 
occupying the volume of the bulb. Dividing 
this by the density of mercury at the corres- 
ponding temperature, we obtain the volume of 
the bulb, © 
The Weight Thermometer Method— 
The weight thermometer consists of a glass bulb 
provided with a short bent capillary stem 
(Fig. 20).). The bulb is at first cleaned, dried and 
carefully weighed empty. The nozzle of ‘the 
bent tube is kept under the liquid under experi- 
ment. By a process of alternate heating and 
cooling, it is completely filled with the given liquid. When quite full, 
the bulb is kept immersed for some time in & water bath (say, at the 
room temperature) with the open end still under the surface of the 
given liquid until the contents of the bulb acquire the temperature 
1,90 of the water as noted by a thermometer. The weight thermo- 
meter is then removed, gently wiped dry and weighed again. It is 
now placed in the water bath which is kept well-stirred and gradually 
raised to s higher temperature. The temperature of the bath is kept 
constant for some time at some higher temperature t.°C. The liquid 
in the bulb expands and a portion of it is forced out, The apparatus is 
then remeved from the bath, gently wiped dry, cooled to the initial 
temperature and weighed again Asa matter of course, however, the 
liquid, that remains in the bulb, contracts to a smaller volume. 
Let the mass of the weight thermometer, when empty, be=W gn 
its mass when filled with liquid at £,"C —Wigm. 
© and its mass with the liquid left at 2,?C — Wagm- 
3 The mass of the liquid filling the temperature at 5^0 
een =(W.i- We) gm.=m, gm. say. 
Also the mass of the liquid left in the thermometer at t2°C 
=(W.—W) gm.=mz gm., say. ` i 
‘Neglecting the expansion of the weight thermometer. we 
find that the volume occupied by a mass- of mı gm. of the liquid at. 
1,90 is the same as that occupied by m gm. at t2°O. 
Let the density of the liquid at 2; CO. be mid 
Then the volume (of mass m; gm,) of the liquid at 2,0 =m]? 
andy of mass ma gm.) , 5» abig?0 = malb. 
Hence a volume mq/P of the liquid -at t,°C occupies a volume mle 
when raised to £49 O, 


Fig. —20. 


“e the apparent expansion between ¢,°C and 4,90 ET Bc 


93 ` ma 
P 


Eai a 
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Hence the coefficiant of apparent expansion of the liquid is 
given by . 
T3 — ig 


fe - =M Me ; 
i (fa —t1) malta ~t)" (281) 


mass of liquid expelled 
(mass remaining) X (rise of temperature) 
As the coefficient of expansion is obtained directly from different 
weights, the method is known a8 that of weight thermometer. This 
method is not suitable for volatile liquids. 


Thus % = 


Examp:es $ 
1, A weight thermometer containing 100 gms. of mercury at0°C is put ina 
liquid bath, when 4 gms. of mercury flow out, What is the temperature of the 
bath, if the apparent coefficient of expansion of mercury is 00018 ? 


es and 7'='00018, 


4 

Ans. We know fus May Ms nS 

T7 mist) (00—4)(a-0) 
4 4 
—='0 m 
ETA 0018, oF ts = 55 00018 
Using logarithms, log 4=0'6021; 
log 96=1'9823 0'6021 anti-log 28645 —931'5 


tog "ono18. 12559. | 29376 +, the reqd. tomp. f, of bath 287670 
42376 | 28645 


2. A glass weight thermometer has a mass of 6'34 gms. when empty and 153:81 
gms. when fille] with mercury at 0°C, Tf 2°08 gms. are expelled when it is heated 
to 1000C, find the coefficient of relative expansion of mercury in glass. 

(Raj. U.—1969] 

Ans. The mass of mercury with the bulb at 0°C=(153'81— 684) gms. —147*47 gms. 
and the mass expelled at 1000 —9'08 gms. 
and the mass remaining within the bulb (147747 —2*08) gms —140:89 gms. 


Hence the apparent expansion y' for mercury per degree centigrade 


2°08 k i 
145'89 x 100 vu D 

9. What must be the radius of a cylindrical bulb of a thermometer Of length 
1 om., in order that the distance between successive dapree divisions may be equal 
tolmm,? The internal diameter of the capillary is 01 mm. and the coefficient of 
expansion of mercury is 000018. [M. B. B.—1972) 
Ans. Thisisa case of expansion of mercury ina vessel which is the thermo- 
moter itself, So itis a question of apparent expansion of mercury ; but ae the 
coefficient of expansion of the containing vessel is not supplied, the value 0'00018 

should be taken as the apparent oxpansion of mercury within the thermometer. 


Lat the radius of the cylindrical bulb be r cm. Then the volume of the bulb 
at 000 is (zr? x1)=rr? c.c, If for 190 rise of temperature, the mercury thread 
moves through 1 mm. in a bore whose radius is ‘05 mm., the expansion in volume 


is {r X (7005)? x 'I} c.c. 
Pt. 1/H—8 
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On equating, we get rr* x '00018—7 X(005)* x'1, 
s» ,(005)* x"1_,, E h ps 
or, F OO, =1'89X 107°, whence the requisite radius r —'118 cm, 


4. The coefficient of cubical expansion of glars and mercury being 25 X107 and 
18x107" per degres centigrade respectively, what fraction of the whole volume ota 
glass vessel should be filled with mercury in order thatthe volume of the empty 
part should remain constant when the glass and mercury are heated to the same 
temperature ? [Gau. U.—1963] 

Ans. Let the total internal volume of the vessel at 0°C be V, and the volum 
filled with mercury be v. 

Ru 
Vo 

At ¢°C the volume of the vessel e V  (1--£) = Vo (14-26 x 107? x t) 

and volume of mercury =v(1+18 x 1075 x £). 

^ the volume of the empty part- V o(1+25 x 107* x t)—v(1+18 x 107^ x2) 

=V_—0+(V, x95x107* —v x 18x 1075)t. 

As the volume of the empty part is to remain constant being equal to the 

volume V,—v, we got 


Vo—v- (Vo; x 25 x 107-9 x18 x 10-")t=V,—2, 


or, V,x25x10-*—vx18x1075-0, whence — = =—, 
$ i noa Ve 18 36 


Then the required fraction is 


This gives the required fraction. 


25, Effect of Heat on Density— The density ofa body is its 
mass per unit volume. When a body is heated, it generally expands 
in volume. As the mass remains constant, the density must decrease 
with a rise of temperature. 


Let the volume and density of a mass M of a liquid be Vo and Po 
at 0°C, and V; and f; when raised to (^C. 
Then VoPo=M=ViP:=Vo(1+7)P:, , 

Or Po=PeHi+yt), i (26.1) 
| whence Pr=po(1+7t)+*=P,(1—yt), neglecting terms contain- 
ing higher powers of 7, 

Thus è Pt=Po(1 — 7t). ...(25.2) 
The equation shows that density decreases as temperature rises. 
From (25,2) it follows p=22 2t, 
PoXt 
If the temperature rises from fı to ta and ifp, and Pa be the 
corresponding densities, then 


mou cc whenge pe et ae: ...(25,) 
E Pr(te =é) 

Hence by knowing the densities at two different temperatures tı 
and ta, the value of the coefficient of cubical expansion Y can De 
indirectly determined. 

Examples : 


l. The density of mercury at 20°C is 13'546 : ; bical 
i ^ and its coefficient of cubi 

IM ms 180000182. Find the mass of 500 c.c. of mercury at 80°C. Also find 
volume of 500 gm, of mercury at thls temperature, 


A 


— áÓ— 


TES TRAITE EINE 


| 
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Ans. Let the density of mercury at 80°C be p’ gms./0.0. 


19:545 xp Lg, MES 
From (25:8) 5545 x (80—20) 0000182, whence p’= 13398. 


.', at 80°C the mass of 500 ¢,c. of mercury =(19'398 x 500) gms. =6699 gms. 
Alo  „ volume, "t = (500/184) c.c. —37 8 c.c. 
2. The density. of mercury is 13°6 gms./c.c. at 0"O and at 100°O it is 13°35 


gms./c.c. Calculate the coefficient of absolute expansion of mercury. 
[Utkal U.—1959] 


Ans. In the standard formula (25, 2) put po =13'6 and p; =13 35. 


pa-p, ,196—1885.. 95. 1.54 10-4, 
198xi 1860x100 1800 . 


8. A cylinder of iron, 80 om, long floats vertically in mercury at O*C. Calculate 
‘the increase in depth to which the cylinder sinks when the temperature is raised 
#0 100°C. Density of mercury at 0"0—136 gm.[om?. ; density of iron at 0°O=7'°6 
gm./cm.* ; absolute coefficient of expansion of mercury 1°82 x 1074 per deg. O, and 
«coefficient of cubical expansion of iron=3"51 x 107^ per deg. C. 


Ans. Let the radius of the cylinder at 0°C ber om, Then the volume of the 
cylinder=(mr* x 30) c.c. and its mass ja= (volume) x (density) —z7* x80x TG gm. 
‘The cylinder displaces its own mass of mercury and if cms. be the depth of the 
cylinder below mercury, the mass of mercury displaced is (LX mr? X 13'6) gm. 

Hence 1x rr? X 18/62 rr? x 30 X T6, whence 1-37 61677 


Then per *C, y= 


Now at 100°C the density of iron 16x (1—3'51x 107 * x100) gm./cm,* 

—T'6 x'99649 gm.Jem.* 
‘and at 100°0 density of mercury 186 x (1—182x 107* x 100) gm./cm.* 

=13'6 x 9818 gm.[om?*. 
Per deg. C, tho linear expansion of iron -3:51x 1178-2 1'17 X 107*, 
-A length of 80 cm. at 0? 0 becomes 30x (12-117 x 107* X 100) cm. 
- =(80 x 100117) em. 
‘Now if the depth of the cylinder at 10090 bel, om. and its radius be 7, cm, 
then 1, xar," x 1969818 —7r,* X 0X 100117 % T:6x 09649. 


whence 1, = BOX LODE ED EIS -99649 _ 17 08, 


‘To calculate 1, we consult the logarithmic table as below, 
log'30 —1477 , log  18'6-11395 | anti-log 12319 
dog 1:00117= :0005 | log  '9818—1:9921 -1T08 
log T6 = '8808 11956 
Aog '99649—1 9985 | 23569 
73569 | 1'1956 
1'2318 


_ a's the height submerged (I, —1) em, = (17:03 — 16°77) em. ="26 om, 


26. Determination of Coefficient of Real (or Absolute) 
Expansion of Liquid—(1) Indirect Method—It tho coefficients of 
absolute and apparent expansions of aliquid by ¥ and y and if the 


D 
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. coefficient of cubical expansion of the material of the containing vessel 
be Yg, then from (20,9) we get 
vay tro 
Finding ?' by any of the methods given in the last article and 
taking ”g as thrice the coefficient of linear expansion of the material 
of the vessel, we can calculate Y. It should, however, be noted that 
since different samples of glass have different expansibilities, the value 
of y as calculated from 7g is not very accurate. 


(2) Dulong and Petit’s Method -The coefficient of absolute 
expansion of mercury can be directly determined by this method., 


In its simplest form the apparatus consists of a glass tube open 
at both ends and bent twice at right angles in the form of a U-tube 
ABOD, (Fig. 21), of which the limbs AB and CD are vertical and the 
portion BO is horizontal. Fach vertical limb is jacketted by a wider 
glass tube. The ends of oach ' jacket 
are closed by cork, through which the ,,.. ^ 
vertical tube passes. The jacket tubes Stram 
are provided with outlets at the top 
and at the bottom. Thermometers are 
inserted through holesin the upper cork. 


‘Mercury is poured into the U-tube | 
so that its level, equalin each limb, is j 


er 


^ 
1 
iF 
ft 
just visible above the jacket tube. One j 
of the jackets, say OD, is kept filled i 
with a stream of ice cold water enter- ! 
ing at the lower end and going out i | 
through the upper outlet. At the same i 
time steam is passed into the other 4 
jacket, which enters ab the upper end 427 
and passes out through the lower outlet. 
To prevent the passage of heat from Fsg. 
the hot limb to the colder one, BO is kept covered with a piece of 
cloth or blotting paper moistened with cold water. 

A difference of temperatures is get up in the liquid in the two 
limbs. The level of mercury in the limb AB is found to rise above 
that in OD. When the liquid columns have attained stead, positions, 

_the heights of the mercury levels in AB and CD above the axis of the 
horizontal tube BO are measured and the temperatures in the two 
limbs are noted, ‘ ; ; 

Let the heights of liquid column in AB and CD 

| =h; and ho respectively 
temperatures of liquid in AB and OD =t and 0°C 
densities of mercury at ¿°C and 09€ =P¢ and Po '» ; 
and the coefficient of absolute expansion of mercury —7. 
Then at B the pressure=P+gPiht and at CO the pressure=P+ 


F 


21. 


b gPoho where P is the atmospheric pressure. 
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As BO is horizontal; pressure at B=pressure at C. 

we P+gPthe=P+gPoho, or Pii Polo. 

Now by (25,1) po=pe1+7é) and here=lioP(L +t), 

whence Asie hi hoor ya, .. (96,1) 

0 

The inerease in level is independent of the dimension or the 
expansion of the material of the vessel In the laboratory, instead 
of water at 0°O, water at room temperature is generally used. This 
demands modification of calculation. Let the heights of the cold and 
the hot columns be hz and ha respectively. Let the corresponding 
temperatures, at which the densities of mercury are P. and P; 
respectively, be ty and tay 


h4P hoP 
Th p ET LIS qs ee ue E B uA. 
en gP h —g sha, or 153 yt, ETTA 


S2 ha(U EYE) m ha (EL Pla), or Yate — hatı) hia ~ha, 


ha—h 

wh y= a, ... (26,8 

ence CR ha (26,6) 
It is to be noted that Dulong and Petit's method gives the real 

expansion of the liquid, whereas a weight thermometer (or a dilatome- 


ter) gives apparent expansion, 


Example: 

In an experiment performed by Dalong and Petit’s method the heights of the 
eold and hot columns 0! mercury are found to ba 906 cm. and 92°2 cm. respectively. 
If the first column is at 0°O, find the temperature of’ the other (y for mercury= 
18'2x 10-*). 

Ans. Let the required temperature be t°0. 

from (26, 1), M iu; = 189 10-5, whence £—97?0 (nearly). 


Table of Coefficients of Real Expansion of Liquids 
(mean value per ^O between 10°C and 32°C) 


| Water  (40*—1009) ...0'00058 Aniline --.0 00085 
| Mercury ...0'00018 Terpentine ++.0°00094 
Glycerine -..0 00058 Ethyl Alcohol ...0700190 
Olive Oil» ...0 00070 Methyl Alcohol ...0'00122 
Benzene ...0.00194 Paraffin Oil ++.0:00090 


ion of Water—We know that liquids 
expand on heating and contract on cooling. But in the case of 
water some anomaly is observed. If from the room temperature 
a quantity of water be gradully cooled, the volume decreases until 
the temperature falls to 4*O. If the temperature is further lowered, 
he volume instead of diminishing increses. — Waters therefore, 
9c3upies the smallest volume at -4°C and has consequently the 


27. Anomalous Expansi 
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maximun density at this temperature. This can be shown by either 
of the following methods. 

Constant Volume  Dilatometer—This consists of a glass 
vessel with a cylindrical bulb and a long graduated stem of uniform 
narrow bore (Fig. 22). In — 
the bulb is put a quantity 
of mercury whose volume 
is one-seventh thecapacity 
of the bulb. As the coefli- 
cient of cubical expansion 


of mereury is nearly seven pne 

times that of glass, it $ 

follows that for any uns 

change of temperature thé š 

expansion of the vessel is Snu i 
equal to the expansion 2 Hi 


of the mercury contained. PAEH HHHH 
Hence inside the vessel E tom 
the volume, being indpen- Fig. 22. Fig. 23. 


dent of a change of temperature, remains constant. 


Into the dilatometer a quantity of water is put so as to occupy & 
certain level inthe stem. The bulb is now placed in a water bath 
maintained at 0°C. The temperature is noted with a sensitive ther- 
mometer placed in the bath. When the position of the water column 
in the stem becomes steady, the volume of the water is noted. The 
temperature of the bath is then raised slowly, water being well-stirred. 
From the position of the water level in the stem the volume of the 
water at the corresponding temperature is noted. 


Tf on a graph paper the volume be plotted against the csrresponding 
temperature, we get a curve, asin Figure 93. From the griph it 
is evident that as the temperature rises from 0°O, the volume of the 
water at first dereases, becomes minimum at 4'O and then goes on 
increasing for further rise of temperature. At 4°C, therefore, the 
volume of a given mass of water is minimum and so the density is 
maximum, It may be noted that exactly 1 c.c. of water at 4°C has 
a volume of 1'000127 c.c. at 0°C and 1°000265 c.c. ab 10°C. Hence 
the variation in volume with a change of temperature is very small. 

It should be noted that due to the anomalous expansion of water 

between 0°C and about 8'O or 9'O, it cannot be used a thermo- 
metric liquid in this range, since in a thermometer we require a 
regular expansion of a liquid with temperature. It is possible to 
construct a water thermometer beginning from 8°O or 9°C. although 
such a thermometer has some other troubles such as capillary action, 
vapour pressure. etc. 

Hope's Experiment—The apparatus consists of a tall glass cylinder 
G (Fig. 24), closed at the bottom and surrounded at the middle by & 

` wide circular trough J. The cylinder has two lateral openings (one 
near the top and the other near the bottom) closed by corks, through 


g 


Y 
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which thermometers T: T are inserted horizontally. The cylinder is 
filled with water previously cooled to about 10°0, and the trough J 
is packet with a freezing mixture of ice and salt. 


lime (Minutes) — 


Fig. 24—Hope’s apparatus Fig, 25 

From time to time the thermometers T,T are observed. Jost at 
the beginning the two give practically the same reading. The lower 
thermometer then starts to fall and gradually comes down to 4*0 ab 
which it remains stationary. During all this time the reading of the 
upper thermometer remains practically unchanged. After some time 2 
begins to fall gredually and comes to 090. If the cooling is ge 
for a long time small crystals of ice are found floating on the sur ane 
of the water, while the lower thermometer remains steady at 4°C. 
After a sufficiently long interval the lower thermometer records a fall 
of temperature from 4^0. This is an indication that water possesses 
the maximum density at 4^0. i AU ^ 

We start with the assumption that water within the cylinder 
is initially ab a uniform temperature of 10°C, when the freezing mix- 
ture is applied at its central part. Owing to the action of the fre 
mixture the water in the central part of G cools, becomes cone ani 
goes down. At the same time the warmer and lighter m did 
the bottom goes up, gets cooled and goes down again. : us di 
water ac the bottom gradually falls in temperature, as 18 8 em xd 
the lower thermometer. This continues till the whole mass a TA 
in the lower part has come down to 4°C. On further pee a n "ts M 
near the middle part cools below 4?Q. but does not sin dy is 
evident from the constant reading of 4 Q given by the aid 
thermometer. The water tends to ascend, but cannot do 80; 3 n is 
heavier than the water in the upper portion. With con inue. ie 
ddle gradually falls to 0°O and ae 
crystals of ice are then formed, These tend to rise to the ol a 
melt and cool the water in the upper part, as is shown by a ren ss 
in the readings of the upper thermometer. This continues oan 
whole mass of water in the upper portion comes to 0 o ns i ia 
by the upper thermometer T, while all this time water in. t] P o A 
part remains at $°O, Finally, crystals of ice, which are Bow. orm 
near the middle, float on its surface. j ac raft j 
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As the densest liquid 


occupies the lowest portion and as the 


lower thermometer indicates a temperature of 4°C, the conclusion is 
inevitable that water at 40 has the maximum density. In other 
words, a given mass of water occupies the smallest volume at iQ. 
The density of water at 4°O is taken to be unity. If the readings of 
the two thermometers, taken at regular intervals, are plotted against 


fime, curves asin Fig, 25 


are obtained. The fact that water has 


its maximum density at 4°C is of great practical importance in nature, 
In frosty weather in cold countries the water in lakes, rivers. 


etc. gradually falls to 4°O 
layers becomes lighter and 


;on further cooling, the water in the upper 
so remains on the surface, The water on 


the surface thus gradually cools to 0°C and finally freezes, while the 
water below remains practically at 4°O. The ice floats on the surface 
and thus lives of fish and other aquatic animals are preserved. If the 
density of water would have continued to decrease below 4°O, the 


water at 0°O would occupy 


the lowest layer and ice would be formed 


from below upwards, so that the whole mass of water would have 
changed into a solid block of ice. 
*28. Thermostat—One of the most useful practical appli- 


cations of the expansion o 


f a solid or liquid is utilised in the cons- 


truction of an instrument which maintains a substance at a known 


constant temperature. Suc 
thermo-regulator. : 


h an apparatus is called a thermostat or & 


Fig, 26 represents a liquid thermostat, in which the glass bulb B 
contains some such liquid as toluene, benzene or aleohol possessing 
large coefficient of expansion. Sealed into the bulb, a glass tube 


P nearly reaches its bottom 
a stop-cock. The tube P 
ferminated with a bulb © h 


[T ast 


Fig. 26. 
The mercury column recedes, thereby opening the gas supply. 
This explains how the temperature of the bath is not allowed to cross 


and is provided with a side tube N having 

is bent twice at right angles and is 
aving an opening. At the top of C is fused 
a short glass pipe reaching nearly to its 
bottom. As shown in the diagram, an 
inter-connecting adjustable tap 8 is very 
often fitted as shown. The end Fis con- 
nected to a gas burner. 


When the temperature of the bath 
exceeds a certain critical limit, the liquid 
inside forcesthemercury column contained 
in P through the pipe so ‘as to close the 
end of the pipe E and there the supply of 
gas to the burner through the pipe is 
stopped temporarily. The gas supplied 
through the by-pass tube is just sufficient 
fo maintain a small flame at the burner. 
The heat supplied by the burner to the 
bath becomes insufficient and the tempera- 
ture of the bath tends to fall and produce 
a small decrease in volume of toluene. 
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assigned limit. Within the funnel N the critical temperature may 
be adjusted by the mercury column. 

*29. Correction for Barometric reading for Temperature— 
In a mercury barometer the pressure of the atmosphere is expressed 
in terms of the height of a column of mercury, which is measured 
usually by a brass scale. The seale is correct at O°C and the 
liquid column is initially adjusted at 0°C. Hence the observed 
height of a barometer at ¿Q is to be reduced to the equivalent 
height at 0°C. In order to fulfil this requirement it is necessary— 

(1) to make correction for expansion of the scale between 0°C 

è and ¿°C 
and (2) to make correction for the change in density of mercury. 

With these set purposes lef 

H the observed height of the barometer at £?C. 

He =the equivalent corrected height at 0°C. 

?o and ?=densities of mercury at 0°O and £°C respectively 
and «=coefficient of linear expansion of brass scale. 

(i) Correction for the expansion of the scale—At t°C the scale 
increases in length, so that each centimetre of the correct seale be- 
comes {1+4t) em, Recorded by this increased seale, the observed. 
reading H is. therefore, less than the reading given by the correct 
scale at 0?C. 

Thus h=H(1+%t). : <.. (29, 1) 

(ii) Correction for the change in density of mercury—The reading 
h requires correction for the change in density of mercury. As the 
atmospheric pressure remains the same, 

gPh=gPoHo or eJ; — HoP(1--90. 


whence Ho= x =n +r) 24-70. (99, 2) 
higher powers ot y being neglected. V 
Relations (99,1) and (29,2) com ine to form 

He Hi Ext) 70) Bl- (9 - 0. ...(9,3) 


neglecting yat? which is small iu comparison with «f or yt. í 
The following Table supplies the variation of density of water with 


temperature ; 
Density of Water with Temperature 


I 
Temp. Densit; Density Temp. Density 
(in 90) | eaae (gmJo.c.) | (in °C. (gm./c.c.) 


guum ET di LEN 
“99987 :99973 24 ‘99732 

1 99993 '99953 26 ‘9968 į 

2 "99997 99927 28 99626 

8 *99999 *9989T 30 99567 

4 1:00000 "99862 32 199505 

5 ‘99997 84 99440 

6 "99988 99871 
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Example. 


1. A baromater is provided with a silver scale which reads correctly at 0°O. What 
is the true height of the mersury corresponding to an apparent height of 76105 mm. 
at1520? Whatheight would the barometer register at 0°C » (Given coeff. of 
cubical expansion of mercury ='000182 ; coeff. of linear expansion of silver = 000019) 
(Utkal U.—1954? 
Ans. As tho silvər soslo increases in length at 15°C, the apparent height of 
meroury would be less than the true height A cm., for by reason of the standard: 
formula we have j 
h=761'05 x (1+-'000012 x 15), whence h 76127 mm. 
But the real hoight of the mercury column would be obtained after correcting: 
fer change of density of mercury at 9?O. If the true height be Hy cm., then 


Hg =/({i—yt)=761 87 x (1— 000182 x 15), whence Ho =759'19 mm. 
Thus the desired height of the barometer is 75919 mm. 


*30. Correction for exposed stem in the Thermometer—, 
When a thermometer is used for measuring the temperature of a body 
the upper part of the stem is at a temperature considerably lower than 
that of the bulb. The divisions of the scale in the lower part do nob. 
therefore, expand equally and so the observed temperature requires 
correction, 


+. Let ty be the observed temperature of a body whose real tempera- 
ture ist. Suppose there are n divisions of the thermometer exposed to 
air at an average temperature tg Ifthe thermometer were through- 
cut att, these n divisions would cover a space equivalent to 
n{\+.t—t2)} divisions, being the coefficient of apparent expansion of 
mercury in glass. 

Hence the correct number of divisions in the exposed column 

=n L+? t— ta} n=n(t >t. 


., the true temperature of the body is given by 
t=t, -n(b— t), ..(80,2) 


EXERCISES ON CHAPTER IIT 


Reference 

Arts. 1. Define tho coefficients of apparent and real expansions of 
22 & 25 aliquid. Stato the relation between the two, (P. U.—1970 5: 
0. U.—1963 ; R. P. B.—1955 ; Anna. U.—1961 ; 
Gau. U.—1965 ; Cf. Del. H. 8.—1954) 
Arts. 2. Show that the absolute coeflicient of cubical expansion of $& 
22 & 23 liquid is the sum of its apparent cofficient of expansion and 
the coefficient of cubical expansion of the material of the 

container, 


(Uti, U.—1953 ; P. U.—1962; Pat. U.—1972 ; Gau. U.—1965, 
i A B.—i953 : Raj, U,—1955} 
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9. A weight thermomoter weighs 1'8760 gms when empty. 
Ibis filled with mercury at 0°O and then heated to 100°C, when 
02951 gm, of mercury is expelled. The thermometer with the 
remaining mercury weighs 16:8625 gms. Calculate the coefficient 
of apparent expansion of meroury. (Utk. U.—1953) 

Ans. 16x10-* per *O. 

4. A specific gravity bottle holis 50 gms. glycerine at 
30°C. How much will it holdiat 10070, assuming the coefficient 
of cubical expansion of glycerine to be "00051 and that of glass 
to be ‘00008 ? (R. P. B.—1960) 

Ans, 48'37 gm. 

5. Describe the weight thermometer method of determining 
the apparent expansion of a liqnid. (E. P. U.—1970 ; 

Dao. U.—1968 ; Ri P. B.—1907 ; U P. B.—1962) 

6. A glass vessel, which holds exactly 1000 gms. of 
mercury at 15°C. is pub into boiling water at 100°C. What 
weight of mercury is expelled 7) [Oootf, of absolute expansion 
of mercury is 0,00018 and coeff. of linear expansion of glass 
is 0'00001.). (Gau. U.—1965) 


Ans. 126 gme. (nearly). 


7. A weight thermometer contains 510 gms. of meronry 
at 15'0. On placing it in a bot oil bath only 500 gms. are left 
init, Find the temperature of the ofl bath. [Ooeff. of absolute 
expansion of mercury= 00018 and coeff. of linear expansion of 
glass = 00001.] 


Ans. 148'3°O, 

8. The bulb of an alcohol thermometer upto 0°C mark has 
a volume of 2 c.c. and the area of cross-section of the stem is 
"008 sq. cm, When the thermometer ig raised in temperatura 
from 0°0 to 5020, the liquil rises 191 om. in the stem, Oal- 


culate the coefficient of expansion of alcohol relative x t aoa 


Ans, ‘001048 per °O. : 

9. A glass weight thermometer has a mass of 6'34 e 
when empty and 15178 gms. when filled with merenty at 9990. 
If 2°08 gms. have been expellel in changing the temperature 
from O'O to 99°C, determine the coefficient of relative expan- 
sion of mercury in glass. 2 

Ans. 145x107" por °O. 


10. A weight thermometer weight 25 gms. when empty 
and 475 gms. whea filled with mercury at 00. On heating it 


to 100°C, 655 gm. of mercury” Js expelled. Calculate the coeffi- 
cient of linear expansion of glass. the coefficient of real pen. 
sion of mercury being '00182 per "Q. (Pat, U.—1962) 

Ans. “000011 per °C, Vit 

ILA wotkt. thermometer contains B2 gmi. of a liquid at 
1090 and on heating it to 85?0 2 gms of liqnid are expelled, 
Find the soofficient of absolute expansion of the liquid. if the 


Gi i i is 00009. 
coefficient of linear expansion of glass 18 DT (B. P. U.—1970) 


Ans. 00090 per D. p d the cosftislonb of 
13. Explain how to find the coettlolo® 1 
of a liquid" i woight thermometer. Why is it called a 
thermometer ? (Raj. U.—1964 ; E. P. U.~1972) 


roal ‘expansion 


43 


Reference 


^ Art. 24 


Art. 94 


Art. 24 


Art. 24 


Art. 24 


Art, 24° 


Art. 94 


Art, 24 


Art, 24 


Art, 25 


“44 


Reference 
Art. 24 


Art. 24 


Art, 24 


Art. 24 


Art, 24 


Art, 24 


Art, 25 


Art. 26 


Art, 26 


Art. 26 
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13, A thermometer is made by forming a bulb at the end of 
a glass capillary tube of which the area of cross-section of the 
bore is 0'0004 sq. om. The apparent coefficient of expansion 
of mercury in glass being 15'0X107^ por degree centigrade, 
what must be the volume of the bulb, if the degree marks are to be 
0:2 cm, apart ? 

Ans, 39°2 c.c. 


14. A woight thermometer weighs 40 gms. when empty 
and 490 gms. when filled with mercury at OO. On heating to 
100°C, 685 gms. of mercury escape. Calculate the cofficient 
of linear expansion of glass, the coofficient of real expansion of 
mercury being 0000182. (R. P. B.—1942, 63: U. P. B.—1948) 


Ans. 9X107* per degree C. 


15. Find the masa of mercury which must be introduced 
into a glass bulb of20 c.c. capacity in order to meke the volums 
of the unoccupied portion in the bulb constant between 20°0 and 
10070. (x for glass=8x10-°; p of mercury at 20°C and 100°C 
ara 13'546 and 13'352 respectively.) 


Ans. 35°5 gms. (nearly). 


16. A graduated glass tube of uniform bore contains 
mercury upto 100 diyisions at 0°O. Find the temperature a t which 
the mercury occupies 101'5 division (Coeff. of aosolute expansion 
of mercury is 0 00018 ; 4 for glass is 8 x 107° ) 


Ans. 96°15C, 


17. The coefficient of linear expansion of glass is 8x10-* 
and that of cubical expansion of mercury is 1'8 X107* per deg. 
©. What volume of mercury must be placed in a specific gravity 
pottle in order that the volume of the bottle not occupied by the 
mercury shall be the same at all temperature ? 


Ans, #5 of the volume of the bottle. 

18. The bulb of a dilatometer basa volume of 19'8 e.c. 
What volume of mercury must be introduced into it, so that 
the volume of the free portion becomes independent of 
charges in’ temperature? (X for glass=Sx10-* and y for 
mercury —18X 107^). 

Ans. 2°64 c.c. 


19. How does the dens'ty of a substance change with tempe- 
rature? Find tho relation between the two. 


(E. P. U.—1963) 


20. Explain how to determine the coefficient of absolute 
expansion of a liquid by Dulong and Petit’s method. 
(E. P. U.—1962) 


21. In an experiment witha liquid the column stood at 60 
em. at 82°F and stood 5 om. higher at 212°F, Find in degree 
centigrade the coefficient of real expansion of the liquid. 


(E. P. U.--1969) . 


Ans, 700083 per °C, 

22. 1c.0.0f water weighs 099874 gm.a& 0°O and 1gm. at 
4°0, Find the mean coefficient of absolute expansion of water 
between 0?O and 4°C, 


, Ans. 82X107* per degree C. 


EXPANFION OF LIQUIDS 


93. In an experiment to find the real expansion of mercury 
with Dulong and Petit’s apparatus, the temperature of hot column 
was 100°C and that of the cold column was 0°C. The heights of 
the mercury columns were found to be 61 cm. and 50'1 cm. 
respectively. Calculate the coefficient of real expansion of 
mercury. 

Ans. 179x107 per degree O. 

24. In an experiment two columns of mercury, one at a8 
temperature of 1490 and the other ata temperature of 100°C, 
balance each other. If the height of the shorter column is 
86'4 om, find that of the other, (Coefficient of cubical expansion 
of mercury — 0:00018). 


Ans. 8T'i cm. 
25. Water is said to have Its maximum density at 4°C. Explain 


what this means. In what respects is the behaviour of mercury 


different from that of water, when both are gradually warmed 
(0. U.—1957) 


from 0*0 ? 

96. "Water is not all suitable as 9 thermometer liquid 
between 0? O and 89C, but the above this. the peculiar property of 
water saves the lives.of animals in very cold countries.” Explain 
this statement as clearly as possible. (Pat. U.—1955) 

27. Describe Hope's Apparatus for determination of maxi- 
mum density of water. Explain step by 8 
reading of its thermometers changes a8 t 
density of water change. What impo: 
tho maximum density of water is at 
of nature ? (Utkal U.—1964) 

28. Showhow you would correct tho reading ofa barometer 
for the expansion of the mercury and the scale. 

(Utkal. U.—1954 : R. P. B.—1953, '62 ; Pat. U.—1966) 

99, A barometer with a brass scale correct at 62°F reads 30 
inches at 50°F, Find the reading ofthe barometer when corrected 
to 82°F. (Given that X for brass =18 X 107° per 0O and y for 


mercury =18 X 107° per 90.) 


Ans. 20°91 inches. 
80 A mercury barometer with ‘brass scale and correct at 0°0 
reads 7669 cm, at 17%80. Reduce the reading to 0°C. (X for brass 


—19x107* ; 7 for meroury =18 x107"). 
Ans. 16°47 cms. 
31. A brass scale of barometer was correctly gradvated at 


15°C, At what temperature would the observed reading require 
no temperature correction ? (Coefficient of linear expansion of 


= A ici f absolute expansion of mercury 
beri ; coofficlont O o E pr 


Ans. 1°80 (nearly). 


45> 


Reference: 
Art. 26 


Art. 26- 


Art. 277 


Art. 27* 


Art, 27° 


Art. 29^ 


Art. 29» 


Art. 29° 


„Art, 28° 


CHAPTER IV 
EXPANSION OF GASES 


81. Expansion of Gases—Due to changes in temperature gases 


- Hike solids and liquids change in volume but at a much greater rate, 


Tn considering the changes in volume of solids or liquids the effect of 
‘pressure is not taken into account, for even with a great change of 
pressure the change in their volumes is negligibly small. But in the 
caso of gasesa slight change in pressure produces an appreciable 
change in volume. To state the condition of a gas, it is necessary, 
therefore, to mention its volume (V), pressure (P) and temperature 
(T), Achangein any one of these factors affects any other toa 
marked degree. Such changes are governed by the Gas Laws given 
‘below ; 

(1) change of volume by change of pressure, the temperature 
remaining constant (Boyle's Law). 


(2) change of volume by change of temperature, the pressure 
remaining constant (Charles’ Law), 

and (3) change of pressure by change of temperature, the volume 
‘remaining constant (Law of Pressure), 

The first of these showing the relation between the volume (V) and 
the pressure (P) under constant temperature (T)is given by Boyle s. 
Law which states that at constant temperature, the volume of a giver 
‘mass of any gas varies inversely as the pressure to which tt is subjected 


Thus V = P when ¢ remains constant. 


or, PV=k, where k is a constant, depending on the mass and tem- 
perature of the gas. This equation is called the isothermal equation 
‘of state. This has been dealt with in General Physics (Chap: XI). 


If no heat is allowed to enter into, or leave, the mass of the gas 
‘during a change of volume, the temperature does not remain constant 
and the changes are then known as adiabatic changes of volume. 
"Under an adiabatic condition the relation between pressure and 
volume is given by the equation : 


PV’ =constant, (81,1) 


"when ? is the ratio of the specific heat of the gas at constant pressure 
ito that at constant volume, 


32. Expansion of Gases at Constant Pressure—John Dalton 
first established in 1801 that all gases when heated expand equally, It 
was found by Charles that at constant pressure the volume. of a given 
‘mass of any gas increases for each degree centigrade rise of temperature 
by a constant fraction (xs) of its volume at 0°C. Thisis known as 
Charles’ Law. This relation was afterwards verified by Gay. 
Lussac, and more accurately by Regnault and is sometimes called Gay- 
Lussac’s Law. ; 
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If the volumes of a given mass of gas at 0°C be Vo e.a. and if Yp be 
the fractional increase of volume per 0C, then for a rise of temperrture 
‘of {°C the increase in volume is Vost. Hence the volume (Vi) of the 


gas at (^O is given by 


Vio Vo + Vo?ot = Voll +7ot)s ...(89.4) 
whence r= 13. ..(39.9) 


This constant fraction Yp may, therefore. be taken as the coefficient 
of cubical expansion of any gas at constant pressure or simply as the 
wolume coefficient of the gas. For real gases the volume of coefficient has 
been experimentally found to be very nearly s75 OF 0'00366. 


Hence from (32.1), velut E 


The above relation is similar to that in the case of solids and 
Jiquids. But the following important points of difference are to be 
nofed— 

(1) As a change of pressure considerable affects the volume of a 
Zas, the pressure must be kept constant. 

(2) The coefficient of expansion for 8 E98 is 
that for a solid or a liquid. 

(3) The value of this coefficient is approximately the same for all 
gases and not appreciably different from one another as 1n the case of 
solids and liquids. $ 

(4) As the expansion in the case of a gas for a slight change of 
temperature is much bigger than that in thecase of a solid or a liquid, 
the volume at 0°C must always be taken, in applying the formula for 


expansion, 

It is interesting to study the equation (32.2), for given a fixed mass 
of gas, its volume Vo at 0°C is constant. H the temperature t of the 
gas is continuously increased, its volume Vi also rae in- 
creases. The relation between Vt and? is thet of s straight line, if 


their values are plotted on a graph paper: 

33. Determination of Me Coctrictont of Expansion of a Gas at 
Constant Pressure The coefficient of expansion of a gas ab constant 
‘pressure can be determined and hence Charles Law can verified by 
‘Constant Pressure Thermometers of different forms: ; 

(1) Constant Pressure Thermometer ot a simple | from—This 
consists of a glass tube about 50 cro, long ar a uniform bore of 
about 1 mm, in diameter. Dry air is passed through the tube for some 
time, after which one of the ends is sealed with a blow-pipe flame, 


The tube is then heated gently with the open end dipping in pure dry 
; ir inside contracts and small pellet 
mercury. As the tube cools, the alt inge S din inde. The 


H of mereuury (Fig. 27) is sucked in ; 
amount of air expelled from inside should be such the mercury 
pellet stands sbout midway along the tube at the room temperature. 


...(89.3) 


much greater than 
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A temperature T is tied along the body of the tube. The tube A is 
now held inside a wide jacket tube G of glass, with its open end pro- 
jecting out of the jackst. [he two eads of the jacket are also closed 
by stoppers and through each one there passes a short glass tubessin 
Order to serve as an inlet or outlet tube. 


Ice-cold water is at first circulated through the jacket till the 
thermometer T records a constant temperature of 0°C. The gas: 
within the glass tube also attains the temperature of 0°C and its 
volume becomes constant ; so the pellet P comes to a steady position. 
After waiting for some time the distance of the inner end of the pellet 
from the closed end is measured. Let the length of the air column at 
this stage be l'em. The wateris lebt out and steam is now passed 
through the jacket : the temperature rises and ultimately becomes 
constant. After some time the position of the inner end of the pellet 
is noted again ; let the length of the air column be now l cm., and the 
temperature i?C. 

Tf the internal cross-section of the tube be a, the volume of the 
enclosed air at 0°C and ¿°C are respectively Ja and l'a the small expan- 
sion of the glass tube being neglected, If in course of the experiment 
the inclination of the tube be kept fixed, its mouth being always opem 
to the atmosphere, the pressure, to which that air inside is subjected, 
remains the same during the period of experiment. 

Hence the coefficient of cubical expansion (7p) of the air at cons- 
tant pressure is given by 


» Le, Yyp=— 


At all constant pressures the mean value of the coefficient p it 
found to be the same By any other gas the air in the tube may be 
replaced and the coefficient of expansion for thegas may be determiend 
as above. The coefficient of expansion as found above is, in reality, 
the coefficient of apparent expansion of the gas with respect to glass 
But as the expansion of the glass is very small in comparision with 
that of the gas, itis not ordinarily necessary to apply correction 
for that. : 

(2) Constant Pressure Air Thermometer (Regnaults appara- 
tus)—This consists of a U-tube AB (Fig. 28) with one limb graduated 
and ending in the bulb A, while the limb B is open to atmosphere. At 
the bottom of the U-tube is attached a short tube having a stop-cock 
G at its end. The U-tube is placed with in a wide glass jacket J, sthe 
bottom of which is closed by a rubber cork ; through this the short 
tube just mentioned passes. There is a copper tube S bent in the form 
of an inverted U passing through the cork with both ends outside. 

The jacket is filled with water so as to keep the bulb immersed. 


: 
: 
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Close to the bulb, a thermometer T is suspended in the water. There 
is also a stirrer placed inside the jacket. Suiphurie acid is housed 
in the lower part of AB, while the bulb contains 
some air, the volume of which can be directly 
read from the graduations on the stem attached 
to the bulb. By pouring in more of the liquid 
through the open limb or by letting out some 
through the opening O' the liquid in both the 
limbs can always be brought to the same level. 
The pressure of the enclosed air in A is then 
equal to the atmospheric pressure at the time. 

At the room temperature f, 88 recorded by the 
thermometer T sulphuric acid in the U-tube is 
brought to the same level and the volume of air 
in A is noted. Let the volume at the room tempe- 
rature be Vz. Steam is now passed through the 
eopper tube S which heats water in the jacket. 
To maintain uniformity of temperature water is 
kept constantly stirred. With the temperature 
rising, the air expands and forces down. the liquid 
which, therefore, rises in the other limb, By 
regulating the steam, temperature of water at 
some higher value is maintained constant for 
some time, during which the air within ‘the bulb’ 
acquires the temperature of hot water. The 
stop-cock is opened and some liquid is let out, Fig. 28, 


till the level again becomes the same in both 
the limbs, The volume of the sir is noted. Let the volume be Va, and 


its temperature te. 
Then V =Vo(1+?xt) and bs salad. 


& Mighell vot eo Vt ..(83.9) 


La) pina ?»7— 2 

Vi 1 +? pty x " Vite ve Vals 
Thus by knowing Vis Ve» ta and ta the value of 7, can be calculated, 
st For greater accuracy 


it 3 ; in result. the temperature 


$3 E i 8 ofthe bath is increased at 
a H g successive steps and the 

AE "5 corresponding volumes are 
É: : : BE noted. By taking tem- 

usd i $ perature a8 the abscissa 
je te THS and the corresponding 
Án Ez È volume as the ordinate, we 
{He | plot (fig. 29) `a graph, 

: which is readily found to 

Q sata LEE ; O pa a straight line That 

~800 A «200 10 Q0. 200 200. the graph should be a 


right line is evident from 
a mathematical’ stand- 
such as AB) represents the 


Tomperatare | in °O 


; Fig. 929. PENSA 
point ag well. In Fig. 29 the straight line ( 
Pt I[H—4 
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relation between the volumes of a given mass of a gas and the corres- 
ponding temperatures. The stright line is, of course, produced much 
on the negative side of the temperature, The volume at 0°C and that 
at some other temperature ¢°O are found from the graph and $0 Yp can 
be calculated from equation (32.2). 

34. Increase of Pressure at Constant Volume—If the volume 
of a given mass of a gas is kept constant while it is heated,its pressure 
increases. The simple reason is that due to a rise of temperature the 
gas tends towards expansion which. on being prevented, results in an 
increase of pressure. [It is found that pressure increases uniformly 
with the rise of temperature and obeys the following law : 

The pressure of given. mass of any gas at constant volume increases 
for each degree centigrade rise of temperature by a constant fraction of 
its pressure at 0? C. 

Hence if Py be the pressure at 090; P, that at £9 C, and Yv the 
constant fraction, the increase in pressure is Po?ví and so 

Pi=Pot Port — Po(19- vt), 
& Per Ea 

Pot i 

The constant fraction is called the pressure coefficient of a gas 
and may be defined as the ratio of the increase of pressure of the gas at 
sre volume due to a rise of temperature through 1°C to its pressure 
at 0?C. 

Constant Volume Air Thermometer—The relation between the 
temperature and the pressure of 
& gas at consgant volume can be 
studied by an apparatus known 
as the constant volume air thermo- 
meter. It consists of a large glass 
bulb A (Fig. 30) at the end of a 
thick-walled narrow tube BOD, 
bent twice at right angles and 
enlarged into a wider tube DE at 
tho other end. By means of a 
long piece of stout flexible rubber 
tubing FG the tube DE is again 
connected to a wide glass tube 
GH open to the atmosphere. The 
tubes DE and GH'ean be sepa- 
rately moved on a vertical upright 
on each side of a wooden 
stand and can be clamped at 
any position. A vertical scale 
Sis fixed on the wooden stand. 

ij e There are three levelling screws 
IERI . . ab the base of the stand, At D 
there isa fine mark engraved on 
the tube : or sometimes an ivory pointer is fixed. Some apparatus is 
provided with a three-way tap at O; through which the bulb A can 


whence Yu 
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be exhausted of air and filled with any other gas. A part of each of 
the tubes DE and GH and the whole of the rubber tube are filled 
with pure dry mercury, while the bulb A and the narrow tube up to D 
contain dry air or any other gas. 

The bulb A | is now kept immersed into a bath of ice-cold water 
and the tube DE is clamped at any position. - By raising or lowering 
the tube GH the level of the mercury in DH is adjusted exactly to 
the mark D. The difference of mercury levels in the two tubes is 
noted. By adding to this the difference in the barometric pressure af 
the time of experiment the pressure of the enclosed air is obtained. 
Denote the pressure by po. 

The water-bath is now heated ‘and is kept stirred well. The tem- 
perature is raised to some higher value which is ready by a thermo- 
meter held in the bath. By adjusting the flame the temperature ‘of 
the bath is kept constant for some time. During this period the gas 
attains the temperature of the bath, The pressure of the enclosed air 
isthen read. Let the pressure at some higher temperature ^C be p. 
Then the value of the pressure coefficient is calculated from the 
equation : 


y, =P Po .. (84.2). 


Dot 

For air the value of 7, is found to be 000366. In the laboratory, 
temperature of the enclosed gas is raised usually from the room 
temperature in steps and the corresponding pressures are noted. A 
graph is plotted by taking the temperature as the abscissa and the 
corresponding pressure as the ordinate. The graph is found to bea - 
Straight line (Fig. 29, AC), This shows that the pressure increases 
uniformly with temperature From the graph the pressure po at 0°O 
and that at some convenient higher temperature may be obtained. 
From these the value of the pressure coefficient is more accurately 
calculated from the relation (34.2), 

Advantages of a Gas Thermometer :— 

(i) As gases are more expansible, a gas thermometer is much more 
sensitive to temperature variation than a liquid thermometer. Further, 
except when very great accuracy is demanded, the effect due to the 
expansion of the containing vessel neednotbetaken into consideration. 


(ii) Under the same condition and over a large range of tempera- 
ture the rate of expansion of all gases is practically the same. : 

(iii) The expansion of all gases is very approximately uniform 
and regular. ? 

(iv) Agas thermometer can be used for a much wider range of 
temperatures go as to record very low as well as very high 
temperatures, 

Disadvantages of a Gas Thermometer :— i 

(i) A gas thermometer is bulky and so is not easily portable. 

(ii) As a change of atmospheric pressure affects the readings of 
the instrument, a barometer also isto be carried slong with the gas 
thermometer, : 


l 
I 
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(iii) It is too large to be used in calorimetric work. 


(iv) The instrument cannot be furnished with fixed scales, inas- 
much as the atmospheric pressure varies from time to time. 


(v) For quick changes of temperature a gas thermometer is 
insensitive, 


Examples : 


1 A uniform vertical glass tube, open at the top and closed at the bottom; 
contains air anda pellet of mercury 80 cm. long. The lower and of the pellet 
is 305 om. above the bottom of the tube when the tube is at temperature of 5C. 
How far will the pellet rise, if the tube is heated to 100°C ? 

[Utkal U.—1958, ’64] 


Ans. Since the volume coefficient of air is considerably le'ger than the 
cubical expansion of glass, the latter may be neglected in comparison with the 
former. Hence the bore of the glass tuoe may be assumed not to change with 
temperature insofar as the problem is concerned and so the length of the air column 
within the glass tube at any temperature is proportional to the volume of air at that 
temperature. Further the pressure on the column is due to the atmospheric 
pressure and the pellet of mercury. Consequently, if the inclination of the tube is 
not changed during the experiment, the pressure on the air column remains 
constant, whatever might be the inclination of the tube and the length of the 
mercury pellet. 

Let the length of the air column at 0°O be Z, cm. Then the volume of air eolumn 
at p is kl, e.c. where & isa constant. At5°C the volume is (kx 380:5) c.o. Then 
we haye 


kx 8075 = kl, x (14- "00366 x 5) whence 7, —29:36. 
Tf at 100"C the length of the column be ] cm., we must have 
kl kx 29°96 x (1+ 00366 x 100), whence /—40:39 cm. 


4. Whatis the temperrture ofa gas whose pressure is 136°63 cm. of Hg. if 
its pressure at 0°C is 100 cm. of Hg. the volume remaining constant? Given the 
pressure coefficient of the gas =0'003663. [V. U.—1954] 

Ans, Here P,-pressure at t°O=136'63 cm., P,=pressure at 0*0 —100 cm. and 
7 ^ coefficient of pressure increase of the gas— 003663. 

The usual formula P, =P,(1+7#) leads to 100/1 + 003663 x ? —136 63, 

or, 1+'003663 x t=1'3663, ^ or "003663 xt= 3663, whence £—100 

Hence the temperature is 100°C. 

8. Toatown ten million cubic feet ofa gas are supplied per week under a 
pressure of 8 inches of water over the atmospheric pressure at 5 shillings per 1000 
cubic feet. Whon the barometer reads 31inches, the gas company can make no 
profit at all. Find the profit per week when the average height of the barometer is 
29 inches. (Density of mercury =13'6) . 


Ans. For the decrease of pressure Jot the increase in volume of 107 on. ft. 
of the gas be v. cu. ft. Then the company can save this v cu. ft. of gas per week. 


The pressure due to 3 inches of water is equal to that if ET inch of meroury. 
Utilising the relation PV —P'V', we find ! 


8 
(81+ o - (29+) (207 +2), whence v=685 x 10", 


18 6. 
6:185 x 109 By 
( d xs) sce. 


| Hence the profit made by the company= 
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35. Absolute Scale of Temperature—The volume of a given 
mass of a gas ab any temperature can be obtained from Charles’ Law 
which gives the equation : 


vv). 


For instance. the volume at—10°O is given by 


10 
m 
10 Voir gig 
According to this equation it is interesting to note is that the 


apparent volume at—273°C is given by V-278 = Vo (1 ii: 23)=0. 


Evidently — 9273?) is the lowest temperature that can be theoretically 
indicated by the gas thermometer. For, at this temperature the 
volume of any gas obeying Oharles’ Law appears to occupy no space. 
Indeed all known gases liquefy, and even solidify, before this tempe- 
rature is reached. Further. the pressure coefficient of a gas having 
also a value zjg; we can show from (34.1) that ab— 278°C a gas would 
have no pressure. The same conclusion may be derived from the 
volume temperature (AB) and the pressure-temperature (AC) graphs 
(Fig. 29). Both the straight lines when produced to meet the abscissa 
representing zero volume and zero pressure lines meet at the point A 
which is — 273°0. Weare thus led to consider — 273°C as the lowest 
temperature conceivable and so it is called the absolute zero of the 
gas thermometer. 

If we now havea scale of temperature starting from the absolute 
zero, i.e., from —273°O, as its zero and haying each degree equal to 


that of the Centigrade scale, that scale is called the ab-olute scale 


of temperature. Temperature when reckoned onthe absolute scale 


are termed absolute temperatures (in degree absolute) According to 
the scale the melting point of ice (0°O) is 273° A and the boiling point 
of water (100°C) under normal pressure is B73°A. In general, if t° of 
the Centigrade scale corresponds to T° of the absolute scale, then 
T9 A—1*0-7 213, i 

ie., Absolute Scale reading = Centigrade reading +273. 

As Kelvin defined the absolute scale, the temperatures on the 
absolute scale are sometimes termed Degrees Kelvin in place of 
degrees absolute ; thus 100°C =373°K. To be more accurate, absolute 


zero is 21318 degrees below the Centigade zero. 
36. Charles. Law and the Law of Pressure expressed in 


different forms—From Charles’ Law, if V and V' are the volumes of 
a gas at Centigrade temperatures tand t’, then 
Tt t 9 idi 
ye Y [ars ) ana Y Vo! gl 
A AQ CUm AT. or ENG ...(36.1) 
v (X8 T ToT | 


54 INTERMEDIATE PHYSICS OHAB, IV 


where T and T' are absolute temperatures respectively corresponding 
to °C and t'O. 


Hence v is constant, when P is constant. 


T 


From this relation Charles's Law may be stated as follows ; 
The volume of a given mass of a gas at constant pressure is directly 
proportional to the absolute temperature of the gas. 


Again, the relation P=P (1+) readily gives 


EAE T (36,2) 
P't-278 T H 


BN 
Hence p 18 constant, when V is constant. 


In other words, the pressure of a givem mass of a gas at constant 
volume is directly proportional to ihe absolute temperature of the gas. 

Gas Laws combined—A simple general relation can be estab- 
lished between the pressure, volume and temperature of a given 
mass of a gas, Let V be the volume ofa given mass of a gas ab 
pressure P and absolute temperature T. We are to find the volume 
V'of the same mass at pressure P'and absolute temperature T'. 
First, let the pressure change from P to P^, the temperature remaining 
constant. It the volume thereby changes to V,, then by Boyle's Law 


PV=P'V;,, or Vi -Py 


Pressure remaining constant at P^ let the temperature now change 
from T to T Ifin consequence the volume changes from V, to V. 
Charles’ Law gives 


i er ay 
Therefore, EV_PV_ ...(86.8) 
T T 


In other words, Ya constant. say k, î.en PV=AT. .. (86.4) 


Thus the product of the pressure and the volume of a given mass of a 
gas varies directly as its absolute temperature. 1 

Equatlon (86.4)is referred to as the gas equation or the equation 
of state, for by knowing any two of the three quantities P, V and T 
| the third can be found and the state of the gas can be completely 
| determined, The value ofthe constant k depends on the mass of 


of & is then the same for all gases. It is then called the universal gas 
constant and is denoted by R. Hence for a gramme-molecule (usually 
called the mole) of a gas, i 

PV=RT, : .. (86.5) 
} where R is a constant. : 


uu co 


the gas taken. Ifa gramme molecule of a gas be taken, the value. 


RM ————————— —Á 


er ERR 
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Let M be the mass of the gas occupying a volume V ab pressure P 
and at absolute temperature T. Under the same conditions of tempera- 
ture and pressure the volume of a gramme-molecule of the gas having 


a molecular/weight m is mt 
Consequently, P ur - RT, whence py="RT =nRT, _ ...(36.6) 


when ^is the ratio of the mass of the gas under examination to its 
gramme-molecular weight. 

As the volume of a gas is affected by the pressure and temperature, 
a gas is always to be referred to at a definite temperature and pres- 
sure. A volume of a gas ab Q'O and ata pressure of 160 mm. of 
WIP) is said to be at normal temperature ands pressure 


To find the value of the gas constant (R).—One litre of hydrogen at N.T.P. 


weighs 00896 gm. Find the value of R. considering one gramme. molecule o, 
the gas. Mys, U.—1952; R P. B.—1954] 


Solution. The volume of 0 0896 gm. of hydrogen at N.T.P. is 1000 c.c, 


2000, E 
2 gm. UR» isp up EMEN e.c. 


» 60» » 


The normal atmospheric pressure ia 76x 19:6 X 981. 
By reason of the formula PV =RT, we get 
(75 x13°6 x 981) x 99821 = Rx 273. 
whence R=8'3x 107 ergs per degree Centigrade. 

37. Variation of the density of a gas—Led P be the density, 
and V the volume, of & mass of a gas at a pressure P and absolute tem- 
erature T, Let?” be the density, and V' the volume, of the same 
mass of the gas at a pressure P^ and absoulte temperature me 

As the density of a gas at a given pressure and temperature varies 
inversely as its volume, we have from equation (36,4 


pes up. : 

»p PT .. (31.1) 
If the temperature suffers no change. T=T',so that (37.1) reduces to 

PP 

LL. (97.2 

pF (97.2) 


Hence the density of a gas ai a constant temperature waries directly 


as the pressure. fs ; 

Again, if the pressure remains constant, P=P’, Equation (87,1) in 

consequence boils down to à 

d ^m^ 

d wh. orPT-PT. 37.8) 

SRM x dod 

Hence the density of a gas at constant pressure varies inversely 

as the absolute temperature. 
r—An ideal thermometer 18 one 


*38, Standard Gas Thermomete à j 
in which equal rise of temperature would be indicated by graduations 
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of its scale by equal increment. This can only be theoreti- 
cally attained by the absolute Thermo-dynamic Scale as proposed by 
Lord Kelvin (Art. 35). No property of a substance varies exactly 
tnformly with temperature; as a result. if any meterial property 
be utilised for thermometric measurement, equal changes of magni- 
tude of that property will not indicate ewactly equal changes of 
temperature. The nearest approach to the Absolute Thermo-dynamie 
scale is obtained by employing the volume coefficient or the pressure 
coeificient of areal gas as a thermometric substance. Hence so as 
to indicate the temperature with the least possible correction either 
a constant pressure or else a constant volume gas thermometer is 
to be used. The constant volume thermometer is, however, preferable, 
as it is susceptible to easier adjustment and as the volume of excess 
of a gas within the connecting tube, which always remains outside the 
temperature bath, is very small and constant. That was why in 1887 
the International Committee of Weights and Measures decided to 
adopt as a practical standard the centigrade scale of a constant volume 
hydrogen thermometer described hereunder. 

Constant Volume Hydrogen Thermometer—The constant 
yolume hydrogen thermometer was originally designed by Chappuis 
in 1687, , Figure 31 represents a hydrogen thermometer of a simpler 
form which consists of a bulb B about 100 cm. long and of capacity 
1 litre. The bulb is held hori- 
zontally and. can be placed in 
any temperature bath To with- 
stand a high temperature and 
pressure this bulbin tbe original 
form was made of platinum- 
iridium. By a narrow bore the 
bulbis connectedto a widertube 
C to which it is sealed air-tight. 
A little ivory pointer pi projects 
vertically at the top of O. There 
is another vertiealside tube D 
havíng communication with 
at the lower part. A barometer 
tube E is kept above the open 
top of Dand isprovided with an 
identical pointer panear its top. 
The combination of the tubes C 
and D together with the barome- 
ter forms a manometer wit 
which the gas pressure of the 
bulb can bemeasured. Py anair- 
Fig, 31 tight ag tubing ser 
Con reservoir R is connected 

Sor A ical lowest point of the manometer. 


The barometerandthe reservoir 


| can be slided up and down a vertical metre scale and fixed at any 


ABT. 38 EXPANSION OF GASES 5 


position.. The heights of the mercury columns in C, E and R can be 
accurately read with verniers attached to the main scale or with a 
eathetometer. 

So as to attain a temperature of 0°C the bulb B is kept within a 
temperature bath of melting ico for a' considerable time. Then the 
reservoir Ris raised or lowered vntil the mercury surface in © 
touches the pointer p. The barometer tube is then adjusted so that 
mercury surface init touches Pa. Move than one adjustment may 
be necessary to make the mereury surface in the two tubes exactly 
touch the pointers. This being done, the volume of the enclosed gas 
becomes always constant and the pressure exerted by the gas is the 
sum of the mercury level difference ju R and O plus the barometric 
pressure. Consequently the pressure Po is the difference of vertical 
heights of pa and pı, which may be determined with reference to the 
vertical scale attached, 

Next the bulb is kept in the steam of bolling water. When the 
temperature becomes steady, the difference of heights of pa and pi 
is found. Thus with proper correction of the boiling point the pressure 
of the gas at 100°C is determined. Call this prssure Pioo. If now 
the bulb be kept in an unknown temperature batb at tO and if when 
the temperature becomes steady, the pressure recorded be Pz, it is 
clear that 

t us PezPU i e hoac dr 100% ETPA 00 88 
100 Pi.o-Po Pioo- Po 

Within the bulb hydrogen is kept such that at 0°C the pressure 
exerted by it is one metre of mercury. A hydrogen thermometer may 
be used for temperatures ranging between — 9€0°C and 5 0°C, Above 
500°C hydrogen diffuses through platinum and attacks glass or 
porcelein. For temperatures lying between 500°C and 1500 C nitrogen 
is used in place of hydrogen. Hydrogen is replaced by helium for 
temperatures below — 20070 


Examples. : 
1, Collected over mercury ina gradnated tube, a quantity Of pas is found to 
occupy 25 c.c. at 21°0. The Jeyel of the mercury inside stands 15 cm. higher than 
the level outside, while the barometer stands at 75 cm. Find the volume that the 
mass of the gas would occupy ata pressure ot 74'5 cm. of mercury andata 


temperature of *2"0. y 
Ans. The initial pressure P of the gas is=(75-15) om.,=60 cm, of 
mercury. > 
py. P'V 
Let the required volume be y’ c.c. From the relation E. cant get 
T4bx V 60x24 whence the required volum? V'e2905 c.c. 
BI+973 wi-- V8 
me of a given mass of gas was 


9. At29°O and at a pressure of 74, cm. the volu. givi 
found to be Brora a cooling to 0°O the volume became 49:8 c,c., the pressure 


having risen to 75cm, Find the coefficient of expansion of the gas. 
Ans, ‘Denote the coefficient of expansion of the gas hy T* 
The volume of the gas at 0'O and 75 cm, pressure=49'9 o.c. Wee 
From Boyle's Law the volume at 0'O and 74 em. presi TA YEAST 
' —49'9T 0.0. 
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So by Charles’ Law the volume at 22'0and under 74 om.=49'97 x (1-227). 
Hence by the problem 49:97 x (1 +227) 25402, whence y = 0'00368. 

3. The internal volume ofa glass vessel is 1 litre at O°O. Tt is filled with 
hydrogen at N. T. P. and is then heated to 27°0. Find the mass of hydrogen that 
would escape, if the flask is now opsned under a pressure of 74 cm. (1 litre of 
hydrogen at N.T.P. welghs 0:09.gm.) 

Ans. Suppose the volnme, that 1 litre of hydrogen at N. T. P. would occupy at 
27°C and 74 cm, pressure. is V litres. 

Employing Charles’ and Boyle’s Laws, we get 
TAxN _ 16x1 300x76 . 

974-978 273? 273X74 
800x 76 
278X74 


whence V= 


So the volume of hydrogen that escapes -( = 1) litres., 


.,9598 ,. 
At N. T. P. the above volume becomes: 0 litres. 


A the required mass of hydrogen e (2599. 9:09 Jem. — 070102 gm. 
q 


22800 

4, What is the height of a barometer when a milligramme of air at 27O 
necupies a volume of 95 c.c. in a tube over mercury, the mercury standing 
70 om. higher inside the tube iban outside? (llitre of dry air at N. T. P. weighs 
1'293 gr.) 

‘Ans. Let the required belght of the barometer =k cm. 

-. the pressure of air in the tubo over meroury=(h—70) om. 

Also the vol. of 1 mg. of air at this pressure and 27°O is 25 c.c. 

Again, at N. T. P, the volume of 1'293 gm, of air is 1000 c.c., 


1000 


so that at N. T. P, the vol. of 1 gm. of air= 1556 e.c. 
Py. P'v' (.—70)x85 _ 76x 1000 
Hence from the relation ~ mco we get CERT ET 


whence h—70=2'58, so that the desired height h is 72°58 cm. 


5. The density of dry airat N.T. P. is 0001298 gm. percc. At what tempe- 
rature will'a litro of dry air weigh 1 gm. at a pressure of 75 cm. ? 


Ans. Denote the required temperature by {°C and the density of dry air at ^O 
at a pressure of 75 cm. by p. 


Bet Bet 
Then by virtue of the relation E US we have 
76 — 15 nog p= 750001993 x 273 
0001998 x 378 — p(f-- 973) * P 76(¢-+ 273) 


Now since by definition the product of density and volume of a body is its mass». 
which is 1 litre, é.¢., 1000 c.c., we find : 


75 x 0'001293 x 278 x 1000 
T6(¢+ 273) 
Hence the required temperature is 75°°350. 


*39. Kinetic Theory of Gases—A mass of a gas consists of a 
vast assemblage of molecules, which are extremely small in dimension. 
An idea of smallness of a molecule may be made by imagining the 
molecules to be arranged side by side just as a row of balls of equal 
size. Were it so, a hundred million molecules could be packed in 8- 
length of ons centimetre. In fact, in proportion to the volume 
occupied by a quantity ofa gas, the volume actually occupied by 


71, whence t=75 35., 
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the molecules is so small that for a free and random movement 
of any molecule there is enough of space surrounding it. The 
space between any to molecules is called intermolecular space and 
it is in the these spaces that the molecules keep on moving conti- 
nuously in different directions. Figure 32 represents a box having 
walls A, B and C and containing & number of molecules a8 shown 
by black dots, They are moving in various directions shown by arrow- 
heads. It is apparent that due to such motfons some might collide 
with each other, while some others might strike against the walls. 
However tiny they might be, molecules possess some mass an 

hence a certain amount of inertia. Hence a molecule continues 
to move in a straight line until it knocks against the walls of the 
containing vessel or with another molecule. Is is only when a colli- 
sion occurs that there is a deflection of the path of a molecule. 
Against the walls of the containing vessel a large number of knocks 
thus occur every second. Such continual hailstorm of particles tends 
to push the wall out. This results in a steady pressure, which is the 
pressure exerted by the gas. By virtue of being in continuous motion 
the kinetic energy possessed by the molecules manifests itself as the 
temperature of the gas. Such an idea regarding the mechanism of 
gas pressure was advanced by Joule in 1853. which was later on 


modified by Maxwell’ 


Suppose there are N 
molecules enclosed in & 
cubical box, the length 
of each edge being a. For 
the sake of simplicity 
assume that all the 
molecules haye an equal 
speed c and that each of 
them behaves as a per- 
fectly elastice sphere of 
mass m. Since the num- 


ber of molecules is extremely la 
one-third of the total number of molecules moves perpendicular to the 


pair of faces (A,A), one-third to that of the faces (B.B) and one-third 
to that of the faces (0,0). Take the case of a molecule which is moving 
at right angles to the pair of faces (B.B) (Fig. 33). Starting from any 
wall of the pair, it must travel a distance 2a before impinging on the 
same wall, hence the time taken between any two consecutive hits 
on the same wall is 2a/c and so the number of hits per second on any 
wall is c/2a. ; 
Again, since after & normal impact on any wal] a molecule 
retraces its path, its velocity changes from+e to — € Thus, considering 
the impact to be perfectly elastic, the change in velocity is 2c and the 
change of momentum of any molecule for one impact is 2m0, In unit 


time the change of momentum for a molecule is, therefore. 


Fig. 82 Fig. 98 
rge,we can imagine that ab any instant 


c 
=~ xme =”. 
24 a 
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Now by aqiuiopiion N molecules move prependicular to any 


pair of faces. Therefore such molecules the rate of change of 
eut 2 
momentum ig ae . which represents the force on an area a”, 


2 
Thus the pressure p force. 1 Nmc* 1 Nme 


D 


area Mug a*a V 
where V represents the volume of the gas. 
ig : PY-1. Nmc?. 391) 


But MS of the gas contains N molecules, each of mass m. Thus 
we have Dp, where P is the density of the gas. 


N: 
NS Mr oh where P is the density of the gas. 


Taob ker worde, P= ie. (32.2) 


Boyle's Law and Kinetic Theory of Gases—If the mass of a gas be 
. Compressed into a smaller volume, while the average kinetic energy of 
the molecules remains unchanged, a large number of impacts take 
place per second against the walls of the contaning vessel and 
cause an increase of pressure. If the volume is increased, the number 
of impacts per second naturally decreasesand sothe pressure decreases. 
At a constant temperature c* remains constant and so, as is evident 
from (39.2), P/P is a constant. But since P varies as 1/V, the product 
PV is constant. Viewed from the standpoint of Kinetic Theory, 
this is an interpretation of Boyle's Law If M be the mass of a gas 
occupying a volume V at the pressure P, then since P=M/V, (39.9) 
may be remodelled as 


PY= Mc’. ... (39.3) 


Physical Interpretation of the Absolute Zero—1t there are N mole- 
cules, each of mass m contained in a volume V of a gas and if € 
be their mean square velocity, mean kinetic energy of this volume 


of the gas is-j. Nmo* = s Mt, But from (39.2). and (39,3) it follows 
that: 


1 828.23 ` 
Kinetic Eenery sm Mc? n =g Bl. ...(89.4) 


Hence the K, E, of a given mass of a gas is proportional to the 
absolute temperature. Thus at the absolute zero degree the K. E. 
possessed by the molecules tends to vanish. This may be taken as 
the physical interpretation of the Absolnte Zero. (For further evi- 
dences in favour of Kinetic Theory vide, HEAT, Appendix F, at the end 
of Chapter IV.) 


EXPANSION OF GASES 61 


EXERCISES ON CHAPTER IV 


Reference 1 
Art. 32 1. A flask with a capacity of 500 c.c. is heated to 87°O at 
atmospheric pressure and then corked up. It is then inverted 
and immersed in water at 24°C. The cork is removed. What mass 
of water will enter the flask. if the pressure remains the same as 
above ? (Density of water at 24°C is 09973). 
Ans. 87°26 gm. 
Art. 33 9. Describe an experiment to find the coefficient of expansion 
! of a gas at constant pressure. 
| (0. U—1940, '49 ; Pat. U—1932 ; Nag. U.—1951) 
| Art. 36 9. Enunciate Charles’ Law. Describe a simple experiment for 
the verification of the law. (Cal,, Pre. U.—1961) 
Arts 4, Explain how thermal expansion of air can be utilised as a 
38 & 34 convenient means of measuring temperature. What aze the 
advantages and disadvantages of a gas thermometer? =~ 
! (Gau. U.—1951) 
Art, 34 5, Describe the constant volume air thermometer and explain 
how you will use it to find the temperature, 
(P. U.—1981; U. P, B.—1954 ; R. P, B.—1944, ’46) 
Arta. 6. State and explain the law of the variation of pressure of 
34 & 35 a gas with its temperature at constant volume. Hence define 
the absolute zero of temperature. Describe an experiment to 
verify the law. (V. U —1954) 
Art, 34, T7. Describes formofan air thermometer and explain how 
this could be used to determine ks melting poat of napthalene. 
as gas thermometer been chosen as standard ? 
Why ban (R. B.—1941) 


Art, 34 B. The pressure in the bulb ofa constant volume air thermo- 
meter is 740m. at 0°C, 101°2 cm. at 100°C and 62'8 cm. when the 
bulb is sarronnsed by solid carbon dioxide. Calculate the tempe- 
rature of solid carbon dioxide. (Del, H. S.—1949) 


Ans, —78°40. 
Art. 35 9. Whatis meant by absolute temperature? Find the value 


n the Falirenheit scale. 
of absolute zero o: (Gan. U.—1951 ; O. U.—1988, '49) 


Ans, --449"4F. 
h lish PV=RT fora perfect gas, (E. P, U.—1953); 
oe poer rci Q. U.—1950 ; U. P. B,—1951, '58, Mys. U.—1952 ;. 
Raj. U.—1949, '55 ; M. B B.— 1962 ; Nag. U.—1952, '53) 
il. Calculate the value of Loan jou ens carbon 
i at 224 litres of the gas a . T. P. weighs 
Meer Vr (U. P. B.—1947 ; R. P. B.—1945) 
. 8:32 107 ergs/"C. 
Art. 36 A Vi d at 18°C jd its temperature raised, Bo that its volume 


is doublod, the pressure remaining constant. What is ita final 
temperature ? 
Ans. 299°C. 


Art, 34 13, The pressure à 
em. at 80" O. Find jn centigra 


Art. 36 


of air in a vessel is 10° dynes per sq. 
de degrees the ot o1 the tempera- 

t which the pressure will be doubled, given that tho 
a “Ot, att inoreases by 70036 of its value at 0°O por 


Ignore the increase in volume of 
degree rise of temperature, [t lui 
the vessel). (Y. U.—1962) 


Ans, 9990. 
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14. A bicycleis standing in shade where the temperature 
ds 80°F. It is then taken out into the sun where the tempera- 
dare is 140°F. Find the percentage increase of pressure within 
the tyre. 

Ans. 9'9%,. 

15. A litre of hydrogen at N. T. P. weighs 09 gm. What 


is the weight of a litre of this gas at 27°0 and 76 cm. pressure ? 
(E. P. U.—1952) 


Ans. 0'8gm. 
16. Onelitreotaira& N.T. P. weighs 1:203 gm, Find the 


malus of R for air (g —980 cm./sec.® ; density of mercury =18°6). 
(U. P. B.—1951) 


Ans. 803x10" ergs/°O. 

17. A vessel of capacity 210 litres contains gas at N. T. P. 
he vessel is heated io 26°C ; but there being a slight leak, the 
pressure remains constant. If the original mass of tne gas 
were 185 gms. find the mass of gas remaining in the vessel. 
The volume ot the vessel may be taken to remain unchanged). 

Ans, 168 gms. 

18. The measurement of a room is 10 ft.x 30 ft. x25 ft. It 
the temperature of the room: be increased from 20°0 to 25°0, 
.ealeulate what percentage of the original volume of air will be 
expelled from the room, the pressure remaining constant. 
` (U. P. B.—-1949) 

Ans. l7. 

19. Containing a little air at 9770. a barometer tube is 


“fixed inverted over a deep cistern of mercury. From the mer- 
cury surface in the cistern the height of the mercury column 


. án the tube is 61 cm., while the barometer reads 76cm. Find 


by how niuch the level of mercury in the cistern must be raised 
Bo that the position of the mercury meniscus in the tube may 
remain the same when the temperature of the closed air is 
-raised to 87^C. . 


Ans. 8 em. 


20. A flask containing dry air is corked up at 20°0, the 
pressure being 76 cm. of mercury. Calculate the temperature 
‘at which the cork would be blown out, if this occurs when the 

pressure inside the flask is 1'7 atmospheres. (Raj. U.—1956) 


Ans. 22°10, 


91. Under a pressure of 770 mm, mercury and at a tempe- 
rature of 20°C a corked bottle contains some air, It stends near 
-a fire and the temperature rises to 200°C. If the surface of the 
cork exposed to the air in the bottle be 9 sq. cm., in area what 
will be the forca on the cork urging it out? (g=980 cm. per 
.860.* ; density of mercury=13'6). 
Ans, Total force= (pressure) x (area) 55:67 x 10* dynes, 
22. Given that the universal gas constant R is 8:916 x10" 
ergs per gramme-molecule per degree Centigrade, calculate 
the volume oecupied by 6 gms. of oxygen at—30°C and 90 cm. 
Find also the molecular weight ofa gas, 60 gms. of which 
„occupy a volume of 10 litres at 200°0 and 36 cm. 
Ans, 3155 cc. ; 491. 


OHAP. IV 


Reference 
Art, 36 


Arts, 96 


Art. 36 


Art, 36 


Art, 86 


Art. 96 


Art. 36 


Art, 86 


Art. 36 


Reference 
Art. 36 


Art. 36 


Art, 36 


Art. 96 


Art, 36 


Art. 36 


Arts, 
38 & 34 


Art. 87 


Art. 97 


Art, 88 


Art, 89 


Art. 89, 
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28. QCaloulate the change in volume during expansion of 1 gm. 
of hydrogen when heated from 25°C to 26°C against the atmos. 
pheric pressure of one million dynes per cm?. Given gas 
constant R=8'3x 107 ergs/gm. molecule/degree centigrade. 

(R. P. B.—1951) 

nns. 41°5 c.c. 

94, Ata pressure of 15 lbs, wt. persq. in. and ata tempera- 
ture of 20°C a cylinder contains 6 ou. ft, of gas. The volume of 
the gas in the cylinder is kept constant and tho pressure is changed 
to 150 lbs. wt. per sq. in. What should be the temperature of the 
gas, if the yolume is found to be 9'5 cu. ft. 

Ans. 94780, 

95. A vessel contains 1000 litres of a gas at 0"O and at 740 mm. 
pressure, Find the pressure of the gas when the tomperature 
rlses to 27°0. (U. P. B.—1958) 

Ans. 818'2mm. 

96. Twenty c.c.of hydrogen are at a pressure equal to the 
pressure at 60 cm, below the surface of water exposed to the 
atmosphere when the barometer reads 75 cm. The temperature 
of the gas is 2770. What would be its volume under N. TIRI? 
(Density of mercury —13'6) * 

Ans. 18'84 c.c. 

97. Alitre of gas at 10°O is heated until both volume and 
pressure are doubled. What is the temperature then ? 

(C. U.—1947) 


Ans. 859"0. 

28. A litre of oxygen at N. P. weighs 1'429 gm. Find the mass 
of 10 litres of oxygen at—85°O and 77 cm. pressure, 

Ans. 16°59 gm. 

99. Prove that fora perfect gas the volume and the pressure 
coefficients are equal. 
(Nag. U.—1953 ; R. P. B—1949 ; U. P. B.—1947 ; Del. U.—1952) 

80. Compare the density of air at 10°C and 750 mm, pressure 
with that at 15"0 and 760 mm. pressure. 

Ans. 6400; 5377. 

81. Ona certain day the barometer reads 75 om. and the 
temperature is 10'0. On being taken to the bottom ofa mine 
where the temperature is 97°C, the barometer reading increases by 
4cm. Find the ratio of the density of the air at the bottom of 
the mind to that of air on the ground level. 

Ans, :9998; 1 

89. Describe the standard constant volume hydrogen thermo- 
meter. Explain how it may be used to measure temperature. 
Mention the advantages of a permanent gas over mercury as a 

hermometrio substance. (Raj. U.—1952, '64) 

33, How do you account for the mee, of a gas inm closed 

d on what factors does it depend 
seared Ns (Pat, U.—1988) 


hort notes on the molecular motion in gases, 
94, Write shor (ety 1949) 


——— 


CHAPTER V 
CALORIMETRY 


40. Quantity of Heat : Unit of H:at—It? has already been 
stated that heat is a form of energy and as such, .it is a ‘meaeurable 
quanitity. Thus when a body is 
heated. it gains heat from the 
heater, and when cooled, it gives 
away heat to the neighbouring 
bodies. Aga!n, a given mass ofa 
substance requires a quantity of 
heat for its rise of temperature. 
Tf the mass is doubled, the 
quantity of heat required for 
the same rise of temperture 
also is doubled; the two quan- 
tities of heat are here added. 
Quantities of heat, therefore, obey 
arithmetical laws of addition and Fig. 34—Calorimeters 
subtraction. 


Calorimetry deals with the measurment of quantities of heat. 
The vessel, which is ordinarily used in such measurement, is known 
asa calarimeler. It is a cylindrical vessel © usually made of copper 
and provided with a stirrer S of the same material. Figure 34 repre- 
sents two calrimeters of different sizes. The unit of heat is defined 


.to be the quantity of heat required ic raise one gramme of pure water 


throuph 1°C, This unit is called calorie of sometimes gramme-degree 
calorie’, 

It is found experimentally that the quantity of heat required to raise one 
gramme of water through 1°O is not exactly the same all over the scale of tempera- 
ture. It decreases from 0°C to minimum valnoat about 40°C and then increases. 
As the variation of hoat equivalent over the range from O°C to 100°C is extremely 
small, the differance need not be taken into consideration unless a great accuracy 
is required. 

Although a calorie is that unit most commonly used, other units 
also are prevalent. Termed the kilogramme calorie, that continental 
Engineers Unit is the amount of heat required to raise 1 kilogramme 
of water through I°C. The British Thermal Unit (B. Th. U.) is the 
quantity of heat required to ralse 1 lb. of water throngh 1°F. The 
therm is a special unit used by gas companies and is the quantity 
of heat required to raise 100 lb. of water through 100'F and so 
equals 100,000 B Th, Untis, The heat required to raise 1 lb. of 
water through 1°C is also used as a unis in Great Britain and is 
known aa the Centigrade unit (Ib, deg, C.) The quanitity of heat 
required to raise m gms. of water throught t'O is, therefore, mt calories. 
Conversely, mi calories of heat are given out when m gms. of water 
cool through 7^0. 
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Since 11b.—4536 gm. and LF; of 1°0, it follows that: 


IB Ti Ue 9 X 463'6 calories=952 calories 


and 1 Pound Degree Centigrade(C.H.U.)=1'8B. Th. U=453'6 calories. 

Principle of Measurement of Heat—If two bodies at different 
temperatures be mixed, there will be sharing of the heat possessed 
by the bodies until they attain a common temperature. The heat 


given out by one body during the period of its cooling is taken up 


by the other body during the same period in reaching the common . 


temperature. Assuming that no heat is received from :or imparted to 
any body outside the system and that no chemical action occurs in 


the mixture, we obtain : | t 
heat lost— heat gained, 


41, Specitic Heat—lt is found that equal masses of the same 
substance require the same quantity of heat so as to be heated through 
the same range of temperature. Conversely, it is also true that equal 
masses of the same substance give out the same quantily of heat 
when cooled through the same range of temperature. But itis 
found that equal masses of different substances take in ( or give :out) 
different quantities of heat when heated (or cooled) through the same 
range of temperature. This can be demonstrated by a simple 


experiment described below. . 
Take a number of small balls of different materials (say, lead, tin 
copper and iron) but of the same mass. Either in steam or ih any 
suitable bath heat them to the 
same/&emperature. Remove the 
balls quickly by means of strings 
attached to them and place them 
simultaneously ona thick cake 
of paraffin wax (Fig. 35 ' Observe 
that each ball melts different 
ic. 35 amounts of wax and consequ- 
8: ently sinks to different extents 
Tt is clear that different balls, although of the same 
anbities of heat in cooling through the same 
from the temperature of the bath to that 
at which wax melts. The above fact is due to a difference in some 
specific property of the materials of the balls and is expressed by 
saying that different materials possess different specific heats. 

The specific heat of & substance is the ratio of the quantity of heat, 
required to raise a given mass of thesubstancethrough a range of tempera- 
ture io ihe quantity of heat required to raise an equal mass of water 
through the same range of temperature. f 


Let the specific heat of a substance of massi m gm. bes. 
to raise m gms. of the substance through tC 


Then s= of water through t'O j 


heat required to raise m gms. 


into the cake. 
mass, give out different qu 
range of temperature, 4.e.. 


Ptl/H—5 


P] 
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_ heat required ‘to. raise! 1 gm. of the substance ahróügli ro. 


~ heat required to. raise 1 gm. of water through 190 
heat required fo" raise | gm, of the substance through 190 
ae 4 j 4 calorie 


j aiio we'can also state that the specific heat of a substance. is 
ets to ihe: dvumber of units» of! heat in calorie required to raise the 
temperatire of: 1 gm.) of the «substance through 1°O, The very state- 
ment therefore, that the» specific ‘heat of copper is 0'1 means that 
thevheat required to:raise 1 gm. of copper through any range of; tem- 
perature is oth. of the quantity of heat required to raise 1, gm,.of 
water throughthe same range of temperature ; in other) words, the 
heat required to raise 1 gm. of copper through 19Q is one-tenth ofia 
calorie, As the specific heat.is takeniasa ratio. it is a mere number and 
is independent of the unit of heat chosen. Nevertheless, the specific 
héat is sometimes expressed in calories per gm. per degree centigrade. 


From the definition of specific heat it is easy to. see that the : dà 

, heat, required to raise mgm. of the substance through t0 ^ 

q= s X heat required to raise 7. gm. of water throught O nady 
‘=S X mt calories=mst calories. 

Conversely, heat, given onti by. mgm, of the. substance in cooling 
through t'O is mst calories. Similarly, therheat required, to .raise m 
pounds of the substance through t F is=mst B.Th, U. Also the heat 
given out by m lbs.. of the substance, in cooling through t F is=mst 


B. Th, U. 


». heat taken in or given out 
^ coe mass X specific heat x difference of temperatures. 

42. Thermal Capacity and Water Equivalent—The thermal 
capacity (or the capacity of heat) of a body is the quantity of heat 
required to raise the temperture of a body through 1°O. 

Let the mass ofa body be m gm. and the specific heat of the 
material of the body be's: j 

"Then the thermal capacity of the body per 190 — ms calories, 

Hence the Specific'Heatof a substance is sometimes defined a8 
its: thermal’ capacity per unit mass and is referred ta as the specific 
thermal capacity’ of thesubstance. Further, the thermal capacity» per 
unit volume ig the! amount: of heat» required to raise unit volume of 
the substance through 1°C and is, therefore, equal to» the produch 


of the density and the Specific heat. 


The water equivalent of & body is the quantity of water (in 
grammes ) which would be raised through 1°C by the amount of heat 
required to raise the temperature of the body through 1?C. 

“Tet the mass of the: body bem» gm. and the specific heat of the 
oria of the body be s. 

Then heat required to raise temp. of the body by-1°0=ms calories. 

— Now this is the quantity of heat that raises the temperature of ms 
‘gm. o of water through,1°O,. . 

.'. the water equivalent of the body se ma gm. 


ii 
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Hence the: numerical portions of the expressions for the thermal 
wapacity and the water equivalent of a body are the same. i; 
Thus for a body of mass 100 gms. and made of copper (s=0'1): ; 
the water equivalent — (100 X 01) gm. —10 gm. ft 
and the thermal capacity =(100x 0'1) cal: =10 cal. per °C 
48, Regnault’s Calorimeter—In experiments on measurement 
iof heat two bodies, one being hot and the other cold, at known tempe- 
atures are very often mixed together ina calorimeter. When the 
‘exchange of heat is complete the resulting temperature is measured 
with a thermometer. For this purpose an apparatus, originally designed 


Fig. 36 Fig. 87 


‘by Regnault, is very useful. It consists ofa calorimeter C placed on 
a non-conducting support inside a larger wooden vessel (Fig. 36), The 
calorimeter is provided with a stirrer R- whereby any liquid within 
it may be well-stirred. Fixed toa stand, a thermometer. T' can 
be lowered into the calorimeter so as to read the temperature of its 
contents, For insertion of-the thermometer and stirrer the calori 
meter can be covered with a suitable lid D with a slit. The purpose 
of placing the calorimeter ina closed chamber is to reduce, the loss 
of heat from it to a minimum. A sliding gate P stands as a partition 
wall between the calorimeter and the steam-heater B8. Whenever 
necessary, the gate may be slided up and the chamber containing 
the calorimeter may be brought below the stend just under the 
steam-heater. h wale j 

Steam Heater—The steam-heater B isa mechanism in which a 
small-body may be heated by steam not by direct contact. In 
Figure 37 it is represented in section. Tt consists of two coaxial hollow 
metal cylinders (A, B), usually of copper, the air space between them 
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being closed at both the ends. Serving as the inlet and the outlet, 
the pipes are connected to the annular space, A boiler containing 
water, is connected with a rubber tubing to this inlet pipe at the top. 
Onheating the boiler steam passes through the space between the two: 
cylinders and escapes through the outlet pipe at the bottom. By aid 
of a cork at the top and a movable shutter O at the bottom the inner 
cylinder is closed. Inside the heater the body O is suspended by 
a thread passing through a hole in the cork, With its bulb close to 
the solid the thermometer tis inserted through another hole, The 
solid is thus indirectly heated by steam. 

44, Determination of the Water Equivalent of a Calorimeter— 

‘Take a clean and dry calorimeter with a stirrer. Weigh the calorime- 
ter with the stirrer. Fill more than half of the calorimeter with cold 
water and weigh again. The difference between the two weights gives 
the mass of water taken. "Note the temperature of the water by 
putting a thermometer init. Inside a larger vessel place the calori- 
meter with ita contents on a non-conducting support, the thermometer 
being held immersed in water by a suitable clamp. The inside surface 
of the calorimeter and the inner surface of the surrounding vessel 
should be higbly polished and the intervening space is packed with 
cotton wool. This minimises radiation of heat. 

Boilsome water in a vessel with a thermometer immersed in it. 
Note the temperature of the water and quickly pour off some quan- 
tity of it into the calorimeter. Stir the mixture well and note the 
final temperature. Allow the calorimeter to cool and then weigh if 
again with its contents. The difference between this and the second 
weight gives the mass of hot water added, 

Let the water equivalent of the calorimeter and stirrer be W. gm, 


„ mass of cold water taken =m gme 
„ initial temperature of water and calorimete =H 
„ temperature of the hot water added =t, 0, 

4 final temperature of the mixture ZPO 
„ mass of hot water added =m gm. 


Then in cooling from ta O to t C heat lost by m’ gm. of water 
= m (te = t) cala 
and in rising from t4 O to 1 O heat gained by cold water — m(t- 14), cals 
and heat. gained by calorimeter and stirrer= Wt—t1) cal. 
Assuming that no heat is exchanged with any external body, 
heat lost=heat gained. 
m'(ta —i)=mt >i) + W(t— t1). 


or W(—&)2m( -t)—m(t-t), 
5 Wem tat m, NC) 
E 


All the quantities.on the right side of (44'1) being known, W can 
be calculated. The result can be verified: from the relations Ww-Mks 
when M is the mass:of the calorimeter with stirer and s is the spec! 


| 
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heat of the material of the calorimeter. (Fora method of radiation 
eorrection in calorimetric experiments vide Practical Physics, All 
India Edition by J. Chatterjee. 


Examples ¢ 


1. A calorimeter contains 80 gms. of water at 98°C, A quantity of 44 gms. of 
water at 57°C is poured into the calorimeter and the contents are well stirred, 
after which the resulting temperature is found to be 49'0, Find the water equiva- 
lent of the calorimeter. 


Ans. Lat the water equivalent of the calorimeter be W gm. 


Now heat lost by hot water =44 x (57—43) calories 
‘and heat taken by calorimeter and wator in it={(W+30) x (43—28)} calories, 

Hence (W 4-80)(48— 28) =44 x (57-48), whence W —11'07 gm. 

2, A Dewar flask is filled about three-quarters by wator at a high temperature. 
The water is rolled about the flask untila uniform temperature of 95°O is attained, 
The hot water is emptied away and 50 gms. of cold water at 15°O are poured in. 
Attor shaking, the resulting temperature is observed to be 31°0. Calculate the water 
equivalent of tho flask, [Gau. U.—1952] 


Ans. A Dewar flask is a contrivance wherein either a hot substance ora cold 
one can be preserved without any appreciable loss or gain of heat from the surroun- 
ding atmosphere (Obap. VIII). The object of rolling hot water inside the flask is to 
raise its temperature. When hot water is thrown away, the temperature of the flask 
is found to be 95°O, which is thus its initial high temperature when empty. If the 
equivalent of the flask be W heatlost by the flask=(95-31) W oals=64 

cals, 

Again, in rising from 15°O to 31°C heat gained by 50 gms. of cold water= 
50x (31— 15) cals =(16 50) cals. \ 


On equating, the required water equivalent Meee x50195 gms. 


3. A piece of lead at 99°C is placed in a calorimeter containing 200 gms. of 
water at 15^0. After stirring, temperature stands at 21°C. The calorimeter 
"weighs 40 gms, and is made of a ‘material of specific heat 0'1, Calculate the thermal 
capacity of the piece of lead. 

Ans. Letthe required thermal capacity be i calories. 

Heat lost by lead in cooling from 99°G to 21°O is=(99—21) W cal=78 W cal. 

Heat gained by the calorimeter ={40x 01 x (21—15)} oal= (4x 6) cal, 

Heat gained by water inside={200 (21—15)} cal, — 1200 x 6) cal., 

30 that the total heat gained (4X 61-900 x 6) cal. =(204 x 6) cal. 

Henoe we derive 

78 W —904 x 6. whence the required capacity W=15'7 cal. 

4. The densities of two substances are as 2:8 and their specific heats 
are0'12 and 009 respectively. Compare the thermal capacities per unit 
volume. 

Ans. Lot the densities of the two substances be 2p and 3p respectively. 

Thon tho mass of unit volume cf the first substance=2p gm. 


and mass of unit volume of second substance=3p gm. . 
Henco the thermal capacity per unit vol. of the first substance= ^ 012) cal. 


and that of the second substance — , = (3p X 0'09) cal. 
. thermal capacity per urit vol of the first substance 20% (012. 8 
‘e thermal capacity per unit vol. of the second substance 3px0'09 9 


45. Determination of the Specific Heat of Solid—(by the 
Method of Miature)—Take a clean dry calorimeter and weigh it 
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with a stirrer of the same material. Pour a suitable quantity: of 
water into! the cslorimeter and weigh it again. Difference: bets 
ween these two weights gives the mass of water taken, Note» the 
temperature of the water. Take a suitable piece of the solid whose 
specific heat is to be determined and weigh it. Heat the solid in a 
steam-heater. Note the temperature of the inside space of the 
steam: heater when it has become steady. Then: bring the calorimeter 
under the heater, move away the shutter D. quickly drop the solid 
into the calorimeter and immediately remove the calorimeter, | Stit 
the water well and note the final temperature of the contents of the 
calorimeter. , 


Let the combined mass of the calorimeter and strirrer be = W gm., 


. specific heat of the material of the calorimeter. =8'. 

+» mass of water taken =m gm © 

„ intial temperature of the water and calorimeter =t:°0; — 

» mass of solid : =M gm. 

» steady temperature of the solid in steam-heater =i°C, — 

4, final temperature of the mixture EN 
and .. the required specific heat of the solid - =s. 


Now in cooling from ¢°O to t2°C heat lost by the solid. 
= Ms(i— £3) cal. 
Also, in rising from t,°O to 15 "O0 heat gained by calorimeter, stirrer 
and water={Ws(ta—t,) + m(t, ~ti} eal. e (Ws'--m) t5 — t) cal. 1 
Assuming that no heat was exchanged with any outside body. 
heat lost:- heat gained 


so that - Ms(f— ta) =(Ws m)(ta — #3) (451) 
S hohoo me s. nfersfi., 
M t-te 


“Sources of Errors and Precautions, 


(1) In being transferred from the-heater to the calorimeter some.heat is lost by 
the solid, This makes the observed specific heat too low. This is minimised by 


dropping the hot solid directly into the calorimeter after bringing the latter unéet 
the heater. ` 3 


(2) Some heat is lost by conduction and radiation from the caloriméter to the 
Surrounding media when the former is ata higher temperature than the latter: This 
will make the observed specific heat too low and can be minimised in the 
following way :— 


` (i) "The calorimeter is placed on non-conducting supports inside a deeper 
vessel, the intervening space being sometimes packed with cotton-wool of some 


other bad conducting material, so that the loss of heat by conduction is made 
very little S 


KON Tbe outer surface of the calorimeter and the inner surface cf the outer vessel 
are polished. „This minimises loss of heat by radiation. 

Thé water in the calorimeter is previousty cooled as much below the room 
temperature as the final temperature is above it, By this means the average 
temperature of tho calorimeter and its contents is nearly tbe same 88 the 
room temperature, so thatthe gain of heat (by the calorimeter and its contents 
from outside duo! to! radiation during the first halt of the experiment is 
Practically compensated for by the loss during the second half. This is known 


— E 
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as Rumford's Compensation Method (A detailed «process of; correction, for ; radia- 
tion is given, in, Intermediate , Practical Physics, All-India Edition, by J. 

Chatterjee). " 
"(8) The changes of temperature should be very accurately and'carefully deter- 
mined by a sensitive thermometer. bap yah alt deg 
o broken tinto bwal frag- 


(4) In the case of a bad conduotin sold it should bi 
ments, so that heat can evenly diffuse dhrough the mass and the different pieces may 


be:raised to the, same temperature. f ' ti coL À 


l 


Examples * ' jy 2a3 VI ) : 1931143 
PES body of mass 100 gm. at 190"0 is plunged into 300 gm. of water at) 
20°0 contained in a - copper: calorimeter: of) mass ‘BO; gm. "The: final: temperature 
attained is 30"O. Find the specific heat of the material of the body, (Bp. ht. of 
copper =0 09). VIP uiid i I 
‘Ans, Denote the required specific heat by % |” Aina DIM. e9 
Now in cooling from 120°C to 80" heat lost bytheboy 75 it 
( , ve (100x (220 -80)seal. pp — 
Also in warming from 20°C to 3070 heat gained by. the calorimeter and’ 
water ={(50 x 0709 +300) x (80—20)} cal. T iat i 
Since heat lost hebt gained, we get 9000 82-8045, 0f, $794, 979 dd mi 
Thus the required. specific heat is BA victatab od vam dX » odi 
2, \ Equal volumes of mercury and glass haye. the same capacity for heat. Caleu- 
late the specific heat of piece ofa glass of specific gravity 25, if the specific heat of 
mercury is 033 and. its specific gravity 19°6, — d onthe CU 
` Ans, Let the sp. ht. of glass be s and the vol. of the glass piece be V 6.6. rh 
,. mass of the glass piece : : /=(25x'V) ems. wipes 
Also mass of mercury taken ? ^2(186x V) gmt. 
Hence of Vc. of glass:thecapacity for patutne 85 


Also, 555 3m6foutY/5 saw a ar abd OX Vx:0989,: yoo bip 
On equalisation, Q'5x V.X8=13'6X VX “088, whence $—018.. . sm 
This gives the specific Heat sought for. 1 TE e And 
45, Determination. of the Specific. Heat of ja Liquid—(by. 
the, Method. of Miatura)-— Take. a clean dry calorimeter/and weigh ib. 
together with a stirrer of the same material. Take, some, amount,,of 
the given liquid in the calorimeter and weigh again. | The difference 
between these two weights gives the mass of the liquid. &aken. , Note; 
the temperature of the liquid and the calorimeter, bi wi 
Take a piece of a solid of known specific heat and weigh it. B 
must be ensured beforehand that the solid is insoluble. in and 
chemically unaffected by the given liquid. í Į 
Ini a steam heater heat the solid to a steady high temperature, and 
note a temperature. Bring the. calorimeter with the liquid, under 
the beater, drop thesolid into the liquid and quickly remove the calori- 
meter. Stir the liquid well and nobe the final temperature of the 
contents of the calorimeter. 09 | quie t 
=W gm, 


Let the mass’of the calorimeter and stirrer be — j 
» specific heat of the meterial of the calorimeter m$ 


7/^^ mass Of the liquid taken, ay amid iog oly tine zm gin 
" initial temporature of the liquid and calorimeter =14°0. 
. .. mass of the solid «v die Entiu pr oain snos. OOS om 6 FMEA, 


É 
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‘Let the specific heat of the material of the solid — 85 
Mm steady temperature of solid in the steam-heater =t°C, 
i A final temperature of the contents of the calorimeter =t2°C 
and , the required specific heat of theliquid =g. 
Now in the cooling from t°O to £,?O the heat lost by the solid 
1 í =Ms, (t-ta) cal. 

Also in warming from t,°O to t400 the heat gained by calorimeter, 
stirrer and the liquid 2 (Ws, (ta —t1)+ms(ta — tı)} cal.=(Ws,+ms) X 
(ta —tx) cal, 
^ Assuming that no heat is exchanged with any outside body. 


heat lost = heat gained, 
whence Mse(t—t.)=(Ws,+ms)(ta —t1)s 


or, ms(ts—t,)=Msa(t—ts) -— Wsx(ta — tı), (46) 
whence s= Msalt=te)—Wsilts~tx) 
mta ~t1) 


In the case ofa liquid, which has no chemical action with water 
the specific heat may be determined by heating a quantity of it and 
then pouring it into a known mass of water in a calorimeter. If thére 


- be @ chemical action between the liquid and water, the bot liquid may 


be poured directly into a thin-walled metallic vessel (preferably of a 
good conductor) of known water-equivalent, placed in a known quan- 
tity of water contained in a calorimeter. 


In the case of a volatile liquid (such as, alcohol) a quantity of the 
liquid may be enclosed in a thin-walled vessel of a good conductor; 
the vessel is almost filled with liquid and a thermometer is introduced 
through the cork. The vessel with its contents is heated to a known 
temperature and then transfered into water contained in a calori- 
meter. The vessel itself may be used as a stirrer and the final tempe- 
rature is given by the thermometer.’ Then proceeding as usual the 


specific heat of the liquid is obtained. The specific heat may a]so~ 


be conveniently determined by previously cooling the liquid to known 
low temperature and then dropping directly into it a piece of heated 
solid of given mass and specific heat. 
Examples: : 

1. Milk of volume 200 o.c, and of density 1:08at 30°C contained in a brass 
vessel of thermal capacity equal to thatof 8 gms. of water is mixed with 200 gms. of 


waterat98'0. The temperature of the mixture is 64°C assuming that there is DO 
loss of heat by radiation, find the specific heat of milk. 


Ans. Let the required specific heat of milk —s. 3 
Now the mass of the milk taken = (900 x 1'03) gms. =206 gms., 


heat lost by water ={200 x (98— 64} cal. 
f =(200 x 34) cal., 
_ heat gained by the milk ={200 x 1°03 x (64—80)s} cal. 
and Beat i ponia by Eo ad um — (8x (64— 30) cal — (8 x 84) cal. 
; ,There being no loss of heat, we obtai: 
(2065-18) x 342900 x 34. dE E 


1 Or, 2065-8 —900, whence the required sp.tht. s=0'98, 


» = 


— a a 


| 
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2, Tho specific gravity of certain liquid is 0'8, and that of another liquid is 
0'5. Itis found that the heat capacity of 3 litres of the first is the same as that 
of 2 litres of the second. Compare their specific hoats. 

Ans. Let the sp2cific heats of the two liquids be 5; and s, respectively. 

Now the mass of 3 litres of the first liquid =(3000x 0'8) gms. =2400 gms. 

and $ 2 litres „second ,, =(2000 x 05) gms.=1000 gms. 

Also the heat capacity of the first liquid is given by H, =2400X 8; 

and 5 » second A p H,=1000X ss. 

As H, —H;, we have 2400s, —1000s;, whence 5, 1 8 —5 : 12. 


.. 47. Determination of the Specific Heat of a Liquid—(by the 
Method of Cooling)—Ifa given mass of liquid is kept in a certain vessel 
and is heated to known temperature, then on allowing it to cool in 
an enclosure at a temperature lower than thatof the liquid, the rate of 
loss of heat is found to depend on (4) the temperature of the liquid, 
(ii) the temperature of the enclosure and (iii) the nature and extent 
cof the surface of the containing vessel. The rate of loss of heat does 
not, therefore, depend on thenature of the liquids. Hence, if allowed 
to cool in such a way that the above condition does exactly hold good 
in each case, different liquids will lose heat at the same rate. This 
principle is applied in comparing specific heats of liquids by the 
method of cooling. 

A copper calorimeter blackened on the outside, is taken with a 
stirrer of the same material. Weigb the combination. With hot 
water fills about two-thirds of the calorimeter at a temperature of 25° 
to 30° higher than the room temperature. Place the calorimeter on 
non-conducting supports inside a large copper vessel blackened on the 
inside. To introduce thermometer and the stirrer the outer vessel may 
be covered with alid with small holes. Start a stop-watch and stir 
the water gently. For about 90 minutes note the temperature at 
intervals of one minute. Then weigh the calorimeter with its 
contents, when cool; the difference between this weight and that of 
the empty calorimeter with & stirrer gives the mass of water taken. 


Now throw away the water from the calorimeter. Heat a suitable 
quantity of the given liquid in another vessel to about the same 
temperature as that of the water previously teken and fill the calori- 
meter with the hot liquidup to the same level as before, the 


calorimeter being placed as before. Stir gently. For almost an equal 


range of time note the temperatures at intervals of one minute. Then 
The difference between this 


weigh the calorimeter with its contents. 1 > 
weight and that of the empty calorimeter with stirrer gives the mass 
of the liquid taken. From these data draw on a graph paper the time- 
temperature curves for the two liquids and thence find the times 
taken by the water and the liquid to cool through an equal range of 


‘bemperature. 


Let the mass of water taken be . =m gm. 
water equivalent of the calorimeter =M}; gm. 
om 0490 to 0,?0 e, sec., 


» time taken by water to cool fr 
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| 5Let the:mass of liquid takeni =M'gm, ; 
"U Sq time taken by the liquid fo cool from 01° to 059 =ta sec, | io 
» Specific heat of the liquid =ş, 

-'. in eooling during 7, sec, heat lost by water = mloi 0a) 

; neri zd : 81— 
+. Tate of loss:of heat from water and calorimeters + Maas) 

ja $000 $ 
Again in ta sec. heat lost by the liquid = Ms(03 m04): 

-j "n X +0 
VV ráte of loss of heat from liquid and ealorimetigr = (Met Ma) (6a ta) 

y 2 


Hence front the' principle stated above we can readily obtain 
(md M0, — 04) {Ms - Mi (04 — 0.0) 
13 £ ti tg j 


whetics s= Mita My 
naa te s Mt, M o 


a a a 


Examples : 


^ "4. 50 gms. of water and an equal volume of alcohol (relative density=0'8) 
sre'placed/one after: the other in the same calorimeter, They are found to cool 
from 6070 to.55^0 in two minutes and,one minute. respectively. Find the specific 
heat of alcohol. The water equivalent of the calorimeter is 2 gm. $ 
A KIR [U. P. B.—1951] 


j Ans. Heat lost by 50 gm. of water inside a calorimeter of water equivar 
lent 2 in cooling from 6070 to 550 intwo minutes ={(50+2)(60-55)} cala 
260 cal. j 
D 160 13 

| wate of loss of heat from water and calorimeters-z 50-5 eal.]sec. 

^ Again 50 gms. of water occupy à volume. of 50, c.c. "Therefore the volume of 
alcohol taken is 50 c.c. and its mass is (D0X0'8) gms.—40 gms Let the sp- 
ht. of alcohol be s. 

» Heat lost.by 40.gms, of alcohol and the calorimeter in cooling through the same 
range in one minute is 


«= {(40s-+-2)(60— 55)} cal, —10(208 +1) cal. 


tate of loss of heat from alcohol and calotimotor = 201808 +1) cat face. : 


= 2024? cal. fado. 


T The law of cooling then gives = DH S, 


whence the required specific beat s- 25-06. 


The following Table supplies, the, specific heats of some common 
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Specific Heats of Common Substances 


Substance Sp. Ht. | Substance Sp. Ht. | Substance Sp. Ht. 


Brass "088. Gold *08 Mercury "04 
Copper ‘094 Glass "16 Ice "50 
Iron ‘119 Marble 22 Mustard oil *50 
Lead *03t Turpentine "49 Castor oil “44 
| Silver ‘055 Olive Oil "T Bromine "51 


LÁ——————Ó—MÀ—Ó—————A 


48. Specific Heat of Gases—The specific heat of a gas 
depends on whether the quantity of the gas is heated at constant 
ww or ab constant pressure. Gases, therefore, have two specific 

eats $ 


The specifie heat of a gas at constant volume (Cv) is the number of 
units of heat required to raise the temperature of 1 gm. of the gas 
through 1°O, the volume being kept constant. The specific heat of a 
gas at constant pressure (Op) is the number of units heat required 
toraise 1 gm. of the gas through 1°C, the pressure being kept constant.. 


The specific heat of a gas at constant pressure (C5) is always 
greater than the specific heat of the gas at constant volume (Cv). For, if 
a unit mass, say 1 gm. of the gas is heated through 1°C at s constant: 
volume a quantity of heat is required forthe purpose: But if the 
mass is heated through 1°C at constant pressure, then in addition’ to’ 
the heat required to raise the temperature through 1°C some amount 
of ‘heat must be necessary to supply the energy for the work ‘done 
during expansion against the external pressure. In the case of diatomic: 
gases (e. g., nitrogen, hydrogen, etc,) the ratio of Cv to Cp is 141 and’ 
for monatomia gases it is about 16. ! : : 

Determination of the Specific Heat ofa Gas at Constant 
Pressure —(Regnault’s Method) — The specific heats of various gases at 
constant pressure were determined by Regnault. The gas is com- 
pressed’ in a reservoir R (Fig. 38) kept ina constant temperature 
bath, from which a steady stream of it is made to flow out through 
the pipe P, A valve V which regulates the amount of flow, keeps 
the pressure of the gas constant, The pressure is read by a mano- 
meter M. The gas then passes through along spiral tube immersed 
in an oil bath H and is thus heated to a known high temperature 
as recorded by the thermometer. It then passes through a copper coil 
which is immersed in water contained ina calorimeter O. In the 
process of its circulation through the copper spiral within the calori- 
moter the gas gives up its heat to the water and finally escapes into 
the air. The rise of temperature of the water In the calorimeter is 
noted. From the change of pressure in the reservoir the mass of the 
gas, which has) come ouf; is calculated. On equating the heat lost by: 
the heated gas to the heat gained by the calorimeter: and its contents,, 
the specific heat of the gas:a6 constant pressure is calculated, 
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If the temperature of the oil bath be Tg, and if the initial and final 
demperatures of the calorimeter and its contents be t°C and £4 9C, we 
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Fig. 38—Regnault's Apparatus 


may suppose that the fall of temperature of the gas isiTs —(tstis)/A- 
If m be the mass of the gas which has left the reservoir and if Cy be 
its specific heat at constant pressure, the heat lost by the gas is mCp 


x (, - 4), The heat gained by the calorimeter and its contents 


is (M+m)(t,—#s) where M and mare the water equivalents of the 
calorimeter and the mass of water contained. Equating the two 
terms Cp may be found. : 


Determination of the Specific Heat of a Gas at Constant 
Volume—The specific heat of a gas at constant volume has been deter- 
mined by Joly with steam calorimeter. (Vide Art. 56.) Ths gas is enclo- 
‘sed in a copper sphere which is suspended from the pan of a „balance 
within an enclosure. By weighing the sphere again when it is empty 
and once again when it is filled with the gas, the mass of the enclosed 
gas is known. When steam is passed into ths enclosure, it condenses 
on the sphere until the temperature of the latter with its content 
omes to that of the steam. From the mass of steam condensed the 
amount of heat taken by the sphere and the gas to rise through the 
temperature is known. From this the heat required by the mass of 
the enclosed gas for the rise of temperature is obtained and hence the 
specific heat of the gas at constant volume is found. 


49. Observation on Specific Heat of Water—It is found that 
of solids and liquids. water has the highest specific heat. This means 
that a given mass of water absorbs more heat in warming and gives 
ut more heat in cooling through a given range of temperature than 


ee SM NEP 


woh 


ART. 49 OALORIMETRY 7T 
an equal mass of any solid or any other liquid. Isis for this reason 
that water is preferably used in hot water bottles, in foot warmers 
and in hot water pipes for heating rooms in cold countries. Again, 
when kept in the sun for some time, a quantity of water becomes less- 
hot than an equal mass of any other material. 

The use of water as a calorimetric substance, although almost uni- 
versal, is found inconyenient for the following reasons * 


(1) Owing to the high specific heat of water. variation of its 
temperature due to small quantities of heat cannot be appreciably 
measured, S 

(2) Owing to the variation of the specific heat with temperature 
water is not suitable for very accurate work. 

Again, land is more easily warmed or cooled than water, The 
temperature of an island is, therefore, much influeneed by that of the 
surrounding sea. In fact, the tempetature of an island isan average 
between those of the land and the sea. Thus, during summer when. 
the sun is above the horizon for a long period, the temperature of 
island is lower than that of the continent ; again, during winter when. 
the sun is above the horizon for shorter period, the temperature of the- 
island is higher than that of the continent. Further, during day the sea 
is less heated than the continent ; but during night water cools moré 
slowly than the land and so maintains the temperature of the island 
which does not, therefore, cool so much as the continent. It follows, 
therefore, that extremes of heat and cold are controlled by the sea, se 
that an island or a sea-side place has a more equitable climate tham 
an inland place of the same latitude; the sea may thus be called a 
moderator of climate. 

50. Measurement of High Temperature by the Calorimeter 
Method—A high temperature (say, that of a flame or a furance) may 
be found by (1) Platinum Resistance thermometer, (2) Thermoelectric 
couple and (3) Calorimetric method. The first two are dealt with in 
the Part on Voltaic Electricity. 

Calorimetric Method—A suitable piece of a solid of known mass 
and specific heat is placed in contact with the source of the high 
temperature till the mass acquires this temperature. A calorimeter 
with sufficient water is taken, the heated solid is thrown into the 
water and the final temperature is carefully noted. 

Let the water equivalent of calorimeter and stirrer be =W gm, 
mass of water taken =m gm. 
mass of the solid taken =M gm. 
specific heat of the solid ‘ 
,, initial and final temperature of the water =t, and tg 
4 temperature of the source 
Then as before Ms(t— in) e (W--mXts eda). 


whence i= (Ems udi Hias 
Ms 


» 
^" 


Z 
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^'"Calorifie' value of a Fuel—The calorific value of a fuel is the 
‘amount of heat given out, when a definite mass (say, 1. 1b) of the fuel 
ds completely burnt. Thus when we say that the heating value of a 
sample "of coal is 10,000 B.Th. U. per pound, we mean that the, heat 
produced by the complete combustion of 1 1b. of coal of the particular 
-sampleis 10,000 B. Th. U. The calorific value of a fuel'is usually 
determined by the Bomb Calorimeter. A small quantity of this fuel 
powdered and dried, is placed inside a strong steel bomb; The bomb 
is provided with gas-tight cover and is filled. with: oxygen at a high 
pressure, The bomb is kept immersed in water contained in a: calori- 
meter : the fuel is fired by heating a wire in contact with it by means 
‘of electric current. The heat produced by combustion passes into the 
water, the initial and final temperatures of which are noted. Water 
“equivalents of the calorimeter and the bomb as'also the mass of water 
taken being known, the amount of heat produced by the combustion 
‘can be'caleulated and the calorific value is found therefrom. 3 
7^" Example $ 1 
+ A ball of platinum, whose mass is 80 gm., is kept far. some time in a furnace and 
when it bas acquired the temperature of the furance, it is immediately 
‘transferred to a Vassel of water at 15°C. The temperature rises to 20°0. 
Tithe weight of water together with the water equivalent of the calorimeter ‘te 
400 gms., whatis the temperature of the furnace ? (Sp. ht. of platinum —'0365. 
Í [Gau. U.1953) 


$ _Ans.. Let the temperature of the furnace be T^O which is the initial temperature 
of the platinum ball. ‘The final temperature of the ball being 20°G., the heat lost‘by 
itis {80 x “0365 x (T—20)} calories. j 
^ Now heat gained by calorimeter and water — (400 x (20— 15)} cal, 
a = (400 x 5) cal. 
On equating and re-arranging, we easily find 
rata iofaD 942 | 


m= .100X5 | 90-705 *0 


f : 80x 0365 
i" The required temperature is, therefore, 705°O, 
It w ROD ; 


51. Latent Heat— When heat is eontinuously supplied to a 
mass ofta solid, its temperature gradually rises until at & certain tem- 
perature it begins to melt. More and more of the solid melts on 
further heating ; but the temperature remains constant till the whole 
mass of the solid has completely changed into the liquid state. Con- 
versely, if a mass of a liquid is continuously cooled, its temperature 
gradually falls, until, at a certain temperature the liquid begins to 
solidify. On continuing the process, more and more of the liquid 
solidifies ; but the temperature remains the same till the whole mass 
of the liquid gets solidified. j 


4, Similarly, if a mass of liquid be continuously heated, its. tempera- 
ture at first gradually rises till at a certian temperature depending on 
the super-incumbent pressure the liquid begins to boil and. change 
into the vaporous state. More and more of the liquid is vaporised on 
further heating; but the temperature remains constant until the 
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whole massof the liquid has evaporated. Oonversely, if a mass of 
vapour is gradually cooled, its temperature falls untilat a certain tempe- 
rature the vapour begins ‘to’ condense; ° which remains constant until 
the whole mass of the vapour has passed into the liquid state. 


Hence when a. piece of solid melts (or when a mass of liquid is 
being vaporiséd), the heat supplied does not manifest itself in prođu- 
cing a rise in temperature but is solely. utilised in bringing about the 
change of State. The heat absorbed during a change of state remains 
as if Latent or hidden within the mass of the liquid (or the vapour) 
formed and reappears only during the reverse process. The heat thus 
utilised-in ‘bringing ‘about’a change of state’ is called latent heat, as 
distinguished from ‘sensible heat which produces atise in temperature. 


52.' Latent Heat of Fusion—The latent heat of fusion of a solid 
48 the quantity of heat required to change a unit mass of the substance 
at dis melting point from the solid to the liquid state without any change 
of temperature. ‘Tt ig also equal to the quantity of heat given out by 
a unit mass of the Substance at its freezing point in changing from the 
liquid to'the solid state without any change of temperature, 


“the latent heat of fusion ofice (or the latent heat, of ice) is 
80 calories per gm." This statement means that 80, calories of heat are 
required to change 1.gm. of ice at; 0" into water at 0°C;,, Conversely 
80 calories of heat. are given out, when 1 gm. of water at 0’C.in 
being changed into ice at 0°C. Similarly, by the statement that. the’ 
latent heat of fusion of lead is 5'7 calories per gm. we mean that the 
amount of heat required to convert 1 gm. of lead at its. melting poini 
into the liquid state is 5 7 calories. oni 

In the pound-degree centigrade unit the latent heat of fusion of 
ice i8 also 80 heat units (pound degree), In the British Thermal Unit 
(pound degree Fahrenheit) the value becomes larger in the proportion 
935 and hence in B. Th. U, per pound’ the latent heat of fusion of 
ice ig =80 X 9-5, 4.6, 144. If the latent heat of fusion of the solid be 
L, the amount of heat absorbed by mgm. of the solid in passing from 
the solid to the liquid state is equal to mb heat units. ' 


53. Latent Heat of Vaporisation—The latent heat of vaporisation 
of à liquid is the quantity of heat required to change a unit mass of the 
diquid at its ‘boiling point from the liquid to the vaporous state without 
any change of temperature. Tho same quantity of heat is also given 
out by a*unit'mass of the vapour in condensing to the liquid state at 
the boiling point without any change of temperature. 


Tt is experimentally found that the quantity of heat required to 
convert 1 gm. of water at 100°C into steam at the same temperature, is 


587 calories. The same quantity of heat is also given out by 1 gm, of 


sheam at 100°C in condensing into water at 100°O in other words, the 


if 
latent f isation of water (or the latent heat of steam) at 
100° is 531 selecisi per gm. | The value. of the latent heat of steam 
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in the pound degree Centigrade (0.H,U) unit is also 537 heat units. Ite 
value in the B. Th.U. (pound-degree Fahrenheit) per 1b.— ( > x537 h 


i, e., 966'6 B. Th. U. 


Thus when ice melts, it first absorbs the latent heat, and when 
steam condenses, it first gives out the latent heat, Hence 
ice-cream appears so much colder than iced water and more severe 
burns are caused by steam than by boiling water at the same 
temperature: 


54. Determination of Latent Heat of Fusion of ice—Take a 
clean, dry calorimeter and weigh it together with a stirrer of the 
game material. A stirrer with a piece of wire gauge fitted to the loop 
should preferably be taken, Fill about two-thirds of the calorimeter 
with water and weigh again. The difference between the two weights 
gives the mass of water taken. With a sensitive thermometer pote 
the steady temperature of the water and the calorimeter. 

Inside a large vessel on a non-conducting support put the ealori- 
meter with the stirrer and the thermometer. Take some pieces 
of ice of suitable size. Dry them carefully with blotting paper and 
drop them one by one into the water in the calorimeter, care being 
taken to hold the pieces with blotting paper while dropping them into 
water. Keeping the pieces of ice under water with the wire-gauge 
stirrer, stir the water well all the time, Note down the lowest 
temperature reached. Then removing the thermometer, weigh the 
calorimeter again with its contents. The difference between the last 
two weights gives the mass of ice added. 


Let the mass of the calorimeter and the stirrer be =W gm. 
„ specifie heat of the material of the calorimeter = =s. 
„ mass of water taken =m gm. 
, initial temperature of water and calorimeter zi 
« final temperature of the mixture =17C, 
. mass of ice added =M gm. 
» required latent heat of fusion of ice =L, 


Now in cooling from ¢ to tą heat lost by the calorimeter (with 
stirrer and the water) — Ws(£—t4)--m(t—14) cal=(Ws-+m)(t—t1)..cal 
Next in meling to water at 0°C heat gained by M gm-of ice at 0 
is ML cal. Also in. rising to #10 heat attained by the M@ gm. of 
water formed=Mt, cal. Thus the totality of heat gained 
=M(L+#,) calories. 

On the assumption that no heat is exchanged with any externa 
body, so that 


it 


heat lost =heat gained, 
we get (Ws mY(t—i4)— M(L t £i), 
Orc = ML=(Ws+m)(t-i,)-Mef 


PF 
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This determines L. The value of L is found to be nearly 80 calories 
per gramme. 
Sources of Errors and Precautions ; 

(1) Should some water happen to stick to piece of i 
really be less than the mass of this water, so that the quantity of heat required for 
fusion will be less. This makes the observed value of L too low. Hence just before 
being dropped into water, the pieces. of ice should be carefully dried with 
plotting paper. 

(2) A water-gauge stirrer sho 
always kept under water and not a. 
the surface of water will, while melting, 
also from the surrounding air. 

(3) By radiation some heat is gained 
outside. This will make the ob 
taking the initial mass of water a 
and ice is added till to the same ex! 


ce, the mass of ice would 


uld be used, so that the pieces of ice added are 
llowed to float ; otherwise the portion of ice above 
consume heat not only from the water but 


s contents from 
s remedied by 
erature, 


goes below the. room temperabure. 


This goes by 


compensation. 6 
(4) The quantity of ice added must be small, as otherwise the lowering 
of temperature of the calorimeter and its contents may be so much that 
there may be actual condensation of moisture on the outer walls of the 
calorimeter. This considerably lowers the observed velue of the latent heat 
of ice. : ; 
Examples 
1. Find what happens when 5 gm» of ice at 0°O is placed into 20 gm. of water 
at 45°C. 
Ans. In cooling to 0°C heat lost by 20 gm. of water at 45°O = (20 x 45) cal j 
— 900 cal, 
To melt 5 gm. of ice at Q*O to water at 0°O heat required — (5 x 80) cal. pata 
= 400 cal. 


This shows that all the iee melts.— 


Let the resulting temperature be tO. j 
Heat losj.by 20 gm. of water at 45°C to come /^O is=20x (45.— 1) calories. 


Heat gained by 5 gm. of ice in melting to water at 0°C is=400 calories. 
Heat gained by 5 gm. of water (melted ice) to rise to tO is =5t calories. 
Hence we have 400+ 5t=20x (45 — t), whence t=20. 
there will remain 25 gm. of ne i ud P 
40°C are dissolve gm. 
MEC Medii pen to stand at 1070. T£ the 
is 80, find its specifie heat. 
Ans. Tet the required spe 
So as to cool from 40°O to 1 
Heat gained by 15 gm. of the 
Also 
Further, to co 
Hence we have 15 x 20X 8 
or 300s — 150, whence $ =0'5. 
8. Calculate the amount, of he 


steam at 10070. (Sp. ht. of ico =0' 
heat of steam =536 cal./gm.). 


Pt. I/H—6 


of ice at—20°C and the 
latent heat of fusion of ice 


cific heat of ice be— 8. i ; 
0°O heat lost by 50 gm. of water= (50x 10) cal. 


ice at—20°C to reach 0°O is=(15 x 90) x s cal. 
, to melt to water at 0°O is=(15 x 80) cal. 


me to 10*0 heat gained by 15 gm. of water (15 x 10) eal. 
4-15x 804-15 X 10=50x 30, 
which is the required speci: 


at necessary to conve 


"5 ; latent heat of wate 


» 


fic beat. 

rt 1 gm. of ice ati.— 10°C into 

1-80 .cal./gm. and latent 
[Anna. U.—1950] 
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Ans. Heat/necessary for raising 1 gm. of ice from —10"C to 0°C is — (1x '5 x 10) cal. 
Z * » . water from 0°O to 100°O is — (1X 100) cal. 
‘, converting 1 gm. of ice into water at 0°O is= (1x 80) cal. 
and A ‘a „ water at 1(0°O to steam (1x 536) cal. 
s. total amount of heat=(5+-80+100+536) cal. =721 cal. 

` 4. Inan experiment to determine the latent heat of fusion of icea carefully 
insulated calorimeter of water equivalent 20'1 gm. containing 800 gm. of waterat 
19"50 is taken. Into this is dropped a lump of pure ice not previously dried, The 
mass of the calorimeter with its contents is found to have inc reased by 17'9 gm. and 
the resulvant temperature comes to 14°70. The correct value for latent heat 
of fusion of ice is.80 calories per gramme, What masa of water was sticking 


to the ice? 
Ans. Let the mass of the water adhering be=m gm. 
.. mass of ice added —(17:.9— m) em. 
Heat lost by the calorimeter and water 
={20 1x (19:5— 14 7) 400 x (19 5— 147)) cal, - (9201 x 4'8) cali 
Hoatitaken up by the ice to melt (17 9 — m) x 80} cal. 
Also » » » Water to rise to 14° TO is = (179 x 147) cal. 
Hence wa derive (17:9 m) x 80-- 17 9x 14 7 =320'1 4'8, whence m=1°98: 
Thus tho mass required is 1'08 gma. 

55. lee'Calorimeter.——For determining the specific heat ofa 
substance the fact that a certain quantity of ice in melting always 
absorbs a definite quantity of heat has been utilised in the application 
of ice calorimeters. 

Black's lee Calorimeter—It consists merely of a large block of 
pure ics which with a hole, about an inch in diameter and an inch 
deep, is. scooped out into it (Fig. 39), The mouth of the hole is 
covered by a slab of ice, which serves as a lid over the cavity. A 
portion of the solid, of which the specific heat is to be determined. is 
taken and weighed. In a steam heater it is then 
heated to a definite temperature. With-blotting 
paper or sponge the inside of the cavity is tho- 
roughly dried. The heated solid is then dropped 
into the cavity and the lid is replaced quickly. 
By conducting heat, which melts a certain quan- 
tity of ice, the body within the cavity reaches 
the temperature of 0 0. After a few minutes the 
water in the cavity as well as on the surface of 
the body is collected by means of. small pipette 


» 


Fig. 39 


and a piece of sponge or blotting paper previously weighed (and eooled 
to 0°C). The mass of water formed is determined by direct weighing. 


Let the mass of the solid be =M gm. 
a initial temperature of the solid =O, 
mass of the melted ice =mgm. 
‘and . specific heat of the material of the solid =s, 
"Now heat lost by M gm of the solid in cooling to 0°Ofis= Mst cal. 
and heat gained by m gm. of ice in melting — mL cal. 
As no heat from outside can reach the solid, we must have 


Msi mL. i 3 =z, 


—— — ÀÀÀ 
SS Se 
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The method is not accurate, since (a) the water formed by the 
melting of ice cannot be completely removed and (b) some ice may 
melt by absorbing heat from the atmosphere during the period inter- 
vening the drop of the solid inside and the closure of the lid. 


The advantages of the method are (1) that itis a ready method, 
that (2) there is no loss of heat by radiation and that (8) no delicate 
temperature is necessary for noting the final temperature. 


Bunsen’s Ice Calorimeter—The action of the instrument 
depends on the fact that on melting, a giyen mass of ice diminishes in 
volume to a definite extent, so that by accurately measuring the 
change in volume the weight of ice melted (and hence the quantity of 
heat required to melt) ean be found. 

Bunsen's ice calorimeter consists of a large thin-walled test tube A 
(Fig.40) fused into & large glass vessel B, which at the bottom extends 
into a narrow tube CD, bent twice at right 
angles, as shown in the figure. At the other 
end of OD there is a collar D, closed by a 
cork, through which passes a bent piece 
of capillary tubing T of uniform bore. 
To the horizontal part of the tube T a 
finely graduated scale 8 is attached, ‘go that 
the volume between any two divisions is: 
accurately known. The lower part of B, the 
tube OD and a part of the capillary tube T 
are filled with pure dry mercury, while the 
upper part of B is filled with pure distilled 
water, which has been boiled so as to rid it 
of dissolved air. ‘ 

Fig. 40 Before being used, the instrument is 
kept surrounded as completely as possible with pure melting ice and a 
‘stream of alcohol or ether, previously cooled by & freezing mixture, 
is passed through A, till. owing to the intense local cooling, a thin 
ice is formed round the lower part of A. This gradually 
increases as the cooling is continued, while the mercury meniscus 
in the capillary tube is found to move forward. The freezing 
mixture is then removed from A and a quantity of water already 
cooled at 0°C is placed in it. After a sufficient interval the whole of 
the instrument with the contents comes to 0°C and the mercury 
meniscus assumes a steady position as read off from the scale. 


To determine the specific heat of a metal a small lump of it is taken 
‘and weighed. The lump is then heated to a constant high temperature 
and quickly dropped into the water in A which is at once corked, 
"The heat given out by the solid is communicated by the water to the 
ice Surrounding A and melts some of the ice. This continues unti] 
everything again is at 0°O. Ifthe ice melts, a contraction in the 
volume takes place, which causes the mercury meniscus to moye 


coating of 
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inwards. When it has been steady, its position is read again, The 
cross-section of the capillary tube having been previously known, the 
eontraction in volume is easily found, whence the quantity of ice 
melted (and so the quantity of heat supplied) ean be calculated. 


Let the mass of the solid be =M gm., 
„ specific heat of the material of the solid =, 
initial high temperature of the solid -2150 

and ,, contraction in volume of the ice — CC. 

Now contraction of 1 gm. of ice at 0°C on melting 90 091 c.c. 

.. mass of ice melted in the present case =v/0 091 gm. 

Heat absorbed in the melting of ice =vL/0 091 cal. 


where L is the latent heat of fusion of ice. 
Also heat lost by the solid in cooling from (^O to 0°C is=Mst cal 
As this heat is wholly utilised in melting the ice, we geb 
Mst= vL vL Lv 


ror 9' *~ooorxme 710 99 ir 


This gives the required specific heat s. 

As v is very small, the cross-section should be accurately known, 
and the contraction carefully noted. Sometimes the scale is previously 
calibrated directly in calories. 

Advantages of Bunsen's Ice calorimeter $ 

(i) It is very sensitive and accurate. (jj) Itcan be used to deter- 
mine the specifie heat of solids available in very small quantities. 
(iii) There is no loss of heat due to radiation. (iv) The water 
equivalent of the calorimeter is not to be taken into account. (v) No: 
necessity for a thermometer along with the calorimeter arises. 


Examples $ 


1. A sphericaliron ball is placed on a large block of dry ice at 0°C, into which 
it sinks until half submerged. What was the temperature of the iron? (Density 
of iron=7'7 gm. per c.c. and that of ice=0'92 gm. per c.c., specific heat of iron— 
0'12 and latent heat of fusion of ice=80 cal./gm.) : 


Ans. Evidently theloss of heat by radiation is not to be counted. Let the 
volume of the iron ball be V c.c. and its initial temperature be (°C. The ball melts 
a volume of ice equal to half its volume and falls to 0°C. 


Now the mass o the ball— (77 X V) gm. and the mass of ice melted. 
=0'92x Tam. 
.'. heat lost by the ball- (7:7 x V x0°12 X t) cal. 
"^ And heat gained by the ico= ( 092x 5 x 80)cal. 


Hence we have 7'7 x V X012x4—0:92 x Y X80, whence the desired temperature | 


() 3980. : 
2, Ifa gram of ice at0'O contracts by '091 c.c. in melting, caloulate the 


ri inal 
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specific heat of the substance when 40 gms. at 60°C dropped into an ice calorimeter 
causa a change in volume of ‘273 c.c. (Given latent heat of fusion of ice= 


80 cals./gm). 


Ans. The mass of melted ico 28pm. 8 gm. 


*091 

Heat gained by 3 gm. of ice in melting =(3 x 80) cal. 

Again, heat lost by 40 gms. of the substance at 6070, when dropped into the ica 
calorimeter = (40 x 69 x s), where s stands for the specific heat. 

No heat being lost or gained, we get 

40x60Xs=8X80, where s—0'1, 

Thus the specific heat is 0'1. 

3. A mass of 0'96 gm. of substance heated to 100°O is dropped -into a Bunsen's 
calorimeter. The thread of mercury recedes through a distance of 8'3 mm. in the 
capillary tube of 1 sq. mm. section, Oalculate the specific heat of the substance, 
given that 1 gm. of water on freezing expands by 0'0905 o.c. and evolves 80 
calories, (Nag. U.—1952] 

‘Ans. Tiffected by the movement of meroury thread by 8'3 mm, through a 
capillary tube of cross-section 1 sq. mm, the volume contraction =(8°3x 1) cu. mm, = 
8'3 cu. mm, ='0083 0.0. S 

This volume contraction ig due to some ice melting into water ut 0°C. 

Now contraction is "0905 o.o., when the mass of ice melting into water at 


0°C is 1 gm. 
^. The contraction is 10.6. when the maas of ice melting iso En 
3,0088 
t » 3 0083 o.c. » a A. # h, 18-5505 2 
Again, in melting to water, 1 gm. of ice absorbs 80 calories. 
‘0083 80x83 
hi 005" ” 905 " 


Thisamount of heat is given out by 0'96 gm. of the substance in cooling 
through 100°C, 
If s be its specific heat, then 


s 80x83 80x83 _, 
0:96 x 100 x s= pgg” whence s= 995 x96 075. 


56. Determination of Latent heat of Vaporisation of Water 
(Latent heat of Steam)—Take a clean, dry ^ealorimeter and weigh it 
together with a stirrer made of the 
same moterial. Fill the calorimeter 
about two-thirds with water and 
weigh again, The difference between 
the two weights gives the mass of 
water taken. With a sensitive ther- 
mometor note the steady tempera- 
ture of the water and the calorimeter. 


Boil some water in 4 vessel B 4 | 
(Fig. 41) with its mouth closed by a bermi 
cork, through which a bent glass tube 7 
passes. The open end of the bent 
tube is connected to a water-trap or Fig. 41 
the so-called steam-trap S. This is 
& contrivance whereby the steam is freeed form any water accom- 


g 
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panying it. It consists of à wide glass tube fitted with steam-tight — 


corks, through each of which there passes a glass tube reaching neatly 
up to the opposite cork. The upper tube is connected to the delivery 
tube from the flask, Steam enters into the trap by the upper tube 
and the water formed by the condensation of any steam is deposited 
at the bottom of the wide tube, while the steam goes up and comes 
out by the exit tube a which ig practically free from water. 


With its contents and a thermometer T, put the calorimeter C, on 
non-conducting supports inside a large vessel. Bring it under the 
steam-trap, quickly put the nozzle of the exit tube well within the 
water and pass steam for some time, the water being kept stirred all 
the while. Place a screen P between the calorimeter and the boiler. 
Take away the nozzle quickly and note the highest temperature 
attained by water. Allow the calorimeter to cool to the room 
temperature and remove the thermometer, it being ensured that no 
water clings to it. Weigh the calorimeter with contents. The 
difference between the last two weights gives the weight of steam 
condensed. 


Let the mass of the calorimeter and stirrer be =W gm» 

» Specific heat of material of the calorimeter =s, 
» mass of water taken =m $M, 
» initial temperature of water and calorimeter =1°C, 
» final temperature of the mixture =4,°C 
» temperature of the steam =100°C, 
» mass of steam condensed =M gm, 

and ^, required latent heat of steam =L. 


Now in condensing to water at 100°C heat lost by steam=ML cal. 
and in cooling from 100°C to 14 Oheat lost by water=M(100—t1), cal. 


Also in rising from 1"O to ¢,°O heat gained by calorimeter with 
Stirrer and water={Wa(¢, —2)-- m(t4 — t)? cal, 


No heat being assumed to be exchanged with any outside body. 


heat lost=heat gained 
ML+M(100 —#,)=(Ws+m)(é, — t). 
or ML=(Ws-+m)(t, —#)—M(100—t3), 


S. L= um (t; —1) — (100—144), 


| This determines L. For steam at 100°C the value of L is found 
nearly to be 537 cal/gm. 


Sources of Errors and precautions : 


^ (1) Itany water accompanies steam, the observed value of I; wonld be too lo 
To ayoid eondencation of steam the delivery tube should be covered with cotton W00 


along with tho use of a steam-trap. 


(2) Any loss ofheat by radiation from the calorimeter and its contents "n 
make the observed value of L too low. To reduce the effect of radiation 
water in the calorimeter should be. initially cooled a few degrees below 


rex - 
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room temperature and steam should be passed till the temperature of the water riges 


as much aboye the room temperature as it was below. 
(3) The temperature of the steam may not be 10! 


mined in each case. 
(4) To prevent the calorimeter from gaining any heat dire 


or the boiler by radiation, a screen is to be placed in between. 
(5) The isaue of steam should not be rapid ; otherwise some water may be lost 
by splashing, which will make the observed value too low. 
(6) The temperature of the calorimeter and its contents should not be allowed 
to rise more than 30°C above the room temperature, for in that case much vapour 


would be given off, causing considerable loss of heat. 
57. Joly’s Steam Calorimeter—Joly in 1886 devised & Very 


accurate method of determining the specific heat of a substance by the 
use of condensation 


of steam on it. ‘The 
appartus consists 
of a metal enclosure ' 
S called ‘the steam 
chamber, in which 
steam is supplied by 
a boiler B (Fig. 42) 
The steam chamber 
is enclosed within a 
box D,on the top of 
which is placed a 
sensitive ` balance. 
From one arm, of 
the balance is sus- 

Fig. 42—Stoam Calorimeter Tiss antics 
down through a hole into the steam chamber. At its other end; the 
wire carries a scale pan A, 

The body, O whose specific heat is to be found, is placed on the pan 
within the steam chamber when steam is not passed through it. By 
placing standard weights on the other pan, the body js counterpoised. 
This gives the mass of the body in air ab the room temperature t°O. 


Let the mass be m,gm. Then steam is passed from the boiler into 
the chamber and when a steady high temperature of the chamber is 
placed on the other pan 


recorded by the thermometer, ‘weights are 
$0 as again to counterpoise the body and the condensed steam, . If 
this be Mı gm. this gives the total mass of the body, the steam 


condensed on the body and the pan and the suspension wire.. Then 
d over the empty pan. 


the body is taken out and again steam is passe 

The mass of steam condensed on the pan and its accessories is found 
by the method of weighing. Call it M, gm. Then the mass of steam 
condensed on the body ls (Mı-Ma) gm. Let the temperature of 


steam be T?C. 


It the specific heat of ¢ y 
body, when its temperature is raised from 1°0, to 


0°0 and so it should be deter- 
ctly from the burner 


the body be s, the heat absorbed by the 
T20, is ms (T—t). 
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j The heat given out by steam in condensation over the body is 
(M, — M3) L, where L represents the latent heat of steam at T°C, 


No heat being lost or gained. 


ee (M: —Ma)L 
ms(T-t)=(M,-M,) L, whence s (P -1) 
In order that the steam might not condense on the upper left pan 
of the balance, an electric heater coil H is placed in front of the slit of 
the chamber D. 


(57.1) 


Examples : 


l. Steam at 100'0 is passed into a calorimeter of mass 55 gm. containing 
150gm.of mixture of ice and water, until all ice melts. The final mass of the 
calorimeter and its contents is 217°5 gm. If the latent heat of fusion of ice is 
80 cal./gm., find how much ice was present in the mixture, (Latent heat of 
steam —540 cal./gm.) [Del. H. 8.—1953] 


Ans. Let the mass of ice originally present in tbe mixture be m gm. Then 
the mass of water in the mixture — (150— m) gm. 

The mass of steam condensed into the mixture ={217°5—(150-+55)} gm. 
12'5 gm. 


Since fhroughout the period ot melting of ice the temperature remains the 
me at 0'O, the calorimeter neither gains nor loses any heat. As 
los& by steam in condensing to water at 100°C and that required by the 


Now heat lost by steam in condensing to water at 100°C is=(12'5x540) cal, 
and heat lost by 12°5 Em. of water at 100°C to come to 0°C is — (125 x 100) cal, 


*. total quantity of heat lost = (12:5 x 540+ 19*5 x 100) ca1.— 8000 cal. 
Again heat gained by m gm. of ice in melting — (m x 80) cal. 
Thus from the principle that heat gainod equals heat lost we get 

7X 80— 8000, whence the required mass m=100 gm. 


2. A glass beaker of negligible thermal capacity contains 1 Ib. of water and pc 
ice, When 1 oz. of steam at 100°C has been supplied to the vessel and the conten! a 
‚are at a temperature of 3*0, how much ica was there to begin with? (Latent heal 
of ico=79 cal./gm. Latent heat of steam =537 cal./gm.) [Utka]. U.—1981] 


Ans. Let the mass of ice be æ gm, Since 11b—4593'6 gm. and 1 02.—28:35 gm, 

heat lost by 28:85 gm. of steam in condensing at 100°C is=(28:35 x 537) cals. 
and heat lost by condensed Steam fo cool down toa temperature 3°C is={28°35x 
(100 — 3)! oals, = (28'35 X97) cals. 


Now in melting at 0*0 heat gained by ice — (v x 79) cals. 
and in rising to 3*0 heat gained by meltéd ica— (xz x 3) cals. 
Equating the heat lost to the heat gained, we get 


453°6 x 8--2x 62=28:35 x 587-- 28:35 x 97, 
whence $—909'7 


The original mass of ice is thus 20277 gm. 


3. Bteam at 10070 is passed into a zinc vessel of mass 500 gm. containing 
lkgm.otice and 1 kgm. of water at 0'O. The temperature of the mixture rises 


—_— a a 
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+0 30°C. Ifthe mass of the calorimeter with its contents is found to increase by 
232 gm., find the latent heat of steam. (Specific heat of zinc= 092 ; latent heat of 
watar =80). - 
Ans. Tet the required latent heat be L cal./gm. 
Heat lost by steam in cooling to water at 100°O is=232 L cal. 
, condensed steam in cooling to 80°C ig=(232 x TO) „ 


Heat gained by the ice in melting =(1000 x 80) ,, 
n » by this water and the water in the calorimeter in rising from 
0°C to 30°C is=(2000% 30) cal. 


» ^» by the vessel in rising from '0'O to 30°C is=(500 x °092%80) cal. 
Bence by the proved principle, 982L +232 x 70 =80,000+ 60,000-+ 1380. 


or 2921, 195140, whence the required latent heat L is 539 cals./gm. 


EXEROISEBON CHAPTER V < 


| Reference 
| Arts. 1. What is the unit quantity of heat? Define thermal 
| 40, 42 & 45 capacity ofa body, How would you find the thermal capacity 
of a body in practice ? (Q. U.—1962) 
| Arts. 2, What is meant by unit quantity of heat? Define B. 
| 40, 49 & 45 Th. U.' and 'calories' and indicate the numerical relation 
í between them. Explain the term ‘water equivalent’ of a 
| calorimeter and describe how it ja determined. 
| (Gau. U.—1962 ; Cf. Poo. U.—1961) 
| Arts. 3. Explain the terms ‘specific beat", ‘thermal-capacity’ 
41 & 42 and. ‘water equivalent’ ofa body, and state the unita used in 
' expressing them. ; 
(V. U.—1952 : Del. H. 8.1962 ; Q. U.—1953 ; Utkal U.—1969) 
Art. 41 4, A copper calorimeter weighs 180 gm. and the specific 
heat of the material is ‘09, Find the quantity of heat required 
l to raise its temperature from 25°C to 65°0. 
| Ans 643 cal. 
| Art, 44 5, How would you find the thermal capacity of a given 
| calorimeter by experiment ? (Mad. U.—1967) 
Art, 45 6. Describe an experiment to determine the specific heat 
of » solid. Mention the sources of errors and how they are 
avoided. (Utkal U.— 1953 , Mad. U.—1967) 
Arts, 7. Define specific heat. Describe an experiment to deter- 
41 & 44 mine the water equivalent of a copper calorimeter and the 
specific heat of copper (of. V. U.—1954; C. U.—1963) 
Art. 44 8. A calorimeter contains 1994 gm. of water at 12°20. 
To this is added 65'7 gm. of water at 38°60, and after stirring 
the temperature of the mixture is found to be 91*0. Find the 
water equivalent of the calorimeter. 
Ans. 29m. : 
Art. 44 9. Supposing, you Were given a thermometer reading only 
sera of which the temperature 


from 50°0 to 10070 and some water, 
was below 90°O, describe an experiment to determine roughly 
f water, without using any other Vn 18) 

. U.—1953) 


the temperature o: 
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Reterence- 


HINTS :—By the given thermometer and up toa known 
higher temperature T°C heat a sufficient quantity of water in 
a vessel and pour a quantity of this water in to the calorimeter 
containing the cold water, so that after stirring the mixture the 
temperature is above 50'0, the exact value being known from 
the thermometer, Thus knowing the water equivalent of the 
calorimeter and masses of hot and cold water, the initial tem- 
perature of cold water may be found. This temperature is 
approximate, because some heat escapes from the mixture 
during the process of heat exchange. 


10. Ninty-six» gms, of lead shots (sp. hi= 0°08) at 99°C are Art. 46 
poured into 148 gms, of a liquid at 29°C contained in a lead 
vessel weighing 300 gms. If the final temperature of mixture is 


38*0.find the specific heat of the liquid. (Mad. U.—1957) 
| Ans, 0°26. 
11, A copper calorimeter of weight 10 gm. contains 12 gm. Art, 45 


of water at 98°10. To this is added a copper coin at 15°0 and 
the temperature of the calorimeter and its contents decreases 
to 2°80. Find the mass of the coin. (Sp. ht. of copper —'093). 


Ans. 9'5 gm. 

12, Describe an experiment to determine the specific heat Arts. 
of a solid which is soluble in water, explaining carefully bow 45 & 46: 
you would caleulate your result. (Gau. U.—1963) 

13. A piece of marble weighing 25 gm. is heated to 100°C Art. 45 


and is immediately dropped into 61 gm. of water contained ina 
copper calorimeter weighing 100 gm. with the stirrer kept 
at 25°C. What will be the final temperature of water and the 
calorimeter after the mixture has beon thoroughly stirred, 
assuming that no heat has been lost? Given the sp, hts. ot 
marble and copper to be 0'20and 0'09 respectively. Specific 
heat of water may be taken to be unity, 
Ans. 30°C. 


14. The temperature of three different liquids A, B and C Art. 46 
are 14°C, 24"0 and 32°O respectively. On mixing equal masses 
of A and B the temperature of the mixture is 20"0 and on 
mixing equal masses of B and O the temperature of fhe mix- 
= ture is 81"0. Supposing equal masses of A and O were mixed, 
‘what would be the temperature of the mixture ? 


(Pat, U.—1965) 
Ans. 29°60 (nearly). 


15. A calorimeter, whose water equivalent is 5'O grammes, 

_ is filled with 25:0 grams of water. It takes 4 minutes to cool 

from 25°C to 17"0. When the same calorimeter is filled with 

, 8070 grammes of liquid, it takes 180 seconds to cool through the 
Same range. Oaloulate the specific heat of the liquid. 

, : " (Raj. U.—1963) 


Ans. 0'58. 


16. Describe how the specifie heat ofa liquid is measured Art, 47 
by the method of cooling. State the principle of the method 
and write down the formula used for calculating the result. 
` (Raj. U.—1953 ; Del.U.—1962 ; R.P.B.—1990 ; Mad.U.—1969) 


Ha je Define the term, specific heat. Explain why specific . Arts. 
heat of a gas depends on the conditions under which this 4l&42 
quantity is measured. .(U. P. B.—1964) 


/ x 


Reference 


Art. 48 


Art. 48 


Art. 48 


Arts. 
51 & 53 


Art. 50 


Art, 50 


Art, 52 


Arts. 
41 & 52 


Arts. 
41,52 & 58 


Art, 54 


Art, 54 


Art, 54 
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18. Explain why gas bas two specific heats. Describe 
how the specific heat of a gaa at constant pressure bas been 
measured. (Nag. U.—1965 ; Del. H. 8.—1971; R. P. B.-—1964) 


19. Why is the specific heatofa gas at constant pressure 
greater than that at constant volume ? (Raj. U.—1974) 


90, Describa Regnault’s method of determining the 
specific heat of a gas at constant pressure, bringing ont (a) how 
the constancy of pressure is maintained and (b) -how the mass 
of the gas passed is determined. (Raj. U.—1974) 


21. A quantity of water is heated in a vessel with a 
thermometer dipping in it. The temperature of wator rises as 
heat is applied to it, until it reaches 100°C when water begins 
to boll, After this temperature of water remains constant, 
even though heat is ‘continuously applied to it, till the whole 
amount of water is evaporated, Explain this. (V. U.—1954) 


92. A Jump of platinum weighing 100 gm. is heated in a 
flame until its temperature has reached that of the flame, It is 
then removed and dropped quickly into a calorimeter which 
has a water equivalent of 5 gm and contains 495 gm, of water. 
Tf the temperature of the water rises from 22°C to 80°0, find the 
temperature of the flame, (Sp. ht. of platinum =0'36) 


Ans. 1141°C (approximately), 


99, How will yon proceed to measure the temperature of 

a furnace by a calorimetric method? Develop the working 
formula and discuss the sources of error in the method, 

à r (Utkal U.—1971): 

94, What is) mean by the statement that ‘the latent heat? 

of fusion of ice is 80? (Q..U.—1960y 


95, Define ‘specific heat’ and ‘latent. heat of fusion of a 
solid. How many vniisof heat are required to melt 100 gm. of 
tin originally at 20°0? (Melting point of tin —232"0 : latent 
heat of fusion of tin=14 cal.[gm. 5 8p. ht. of tin —0'5.) 

i Do the valnes of these constants depend on the kind of 
thermometer used, Fahrenheit or Centigrade ? (C. U.—1954) 


Ans. 2460 cal Yes; they do. 


96, Explain the meaning of the following statements = 
(a) The latent heat of fusion of sulphur, which melts at 113°C: 


5 .(b) The sp. ht. of sulphur is 0°17 cal. por: 
gu rym sere of (Gau. U.—1965) 


97, How would you determine the latent heat of fusion of 


i ioning the precautions needed ? 
e oris: Mad. IU.—1959. "TO: Pat. 0.1958 ; pes. 


the final temperature ofthe mixture: 


i & would be 
qa tis seo aro mixed up with 20 grammes 


when 5 grammes of ice at: ® j 
of water 9070? The specific heat of ice is 0'5. 


Ans. "IO. 


$9. Find the tise in temperature when 85 gm. of 1o 


* sulphur at its melting point 1g poured into a copper ca 
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ameter weighing 48 gm. containing 100 gm. of water at 14*6. 
(Sp. ht. of copper=0'l cal. per. gm. per ^O ; sp. ht. of sulphur 
=0'17 ; L. H. of sulphur=9 cals./gm, and melting point of 
sulphur — 13*0) (Gau. U.—1955) 

Ans. 22° 20. 

80. A copper calorimeter of mass 100 gm. and specific heat 
“0'1 contains 200 gm. ofa liquid of sp. ht. O4 at temperature 
of 30°O, Sixteen grammes. of pure ice at 0°C are dropped into 
the liquid. Find the resulting temperature, (Latent heat of 


‘fusion of ice =80 cals./gm.) (Mad. U.—1966) 
Ans. 16°030. 
31. Describe and indicate the use of Black's Ice Oalori- 
meter. (0. U.—1960) 


92. A piece of iron weighing 15 gm. is dropped at a tempe- 
rature of 113°6°O into a cavity in a block of ice, of which it 
melts 2'5 gm. If the latent heat of ice is 80 calories per gram, 
ind the specific heat of iron. (C. U.—1958) 


Ans. 11. 

38. Describe Bunsen's ice calorimeter and its working. 
How will you use it to find the density of ice ? Show the caleu- 
dation clearly. (P. U.—1962 ; R. P. B.—1953, 768) 


34. The density of ice at 0°O is “916 and that of water is 
lgm. per c.c. Weighing 600gm., a piece of metal is raised to 
@ temperature of 80°C, Placed in a mixture of ice and water, 
it melts some of the former. The volume of mixture is found 
to decrease by 8'4 c.c. How much of ice is melted and what is 
the specific heat of the metal ? 

Ans. 916gm.; '152. 

95. ‘Twenty-five gms. of wax are heated to 60°O and poured 
$nto 100 gms. of water at 5'O in a calorimeter of water equi- 
valent of 10 gms. Find the final temperature of the mixture. 
{Melting point of wax=45°0 ; sp. ht. of solid wax=0'S ; sp. ht. 
of liquid wax=0'4 ; latent heat of fusion of wax=40 cal./gm.] 

(Utkal U.—1958) 

Ans, 17"34C. 

36. Describe Bunsen's Ice Calorimeter and explain how it 
iis used to determine specific heat of a substance. 

(Raj. U.—1952 ; Nar. U.—1952, 755 ; U, P. B.—1955 ; 
E. P. U.—1951, '52 : Del. H. 8.—1952 ; P. U.—1958) 


_ 9T. One gram of metal of sp. ht. "088 at 100°C is dropped 
Ynto a Bunsen's ica calorimeter, in which the mass of mercury 
"required to fill 1 cm. of the index tube of Bunsen’s ice calori- 
meter is 0:26 gm. Tha thread of mercury moves through 525 
mm. Ifthelatent heat of fusion of ice be 80 calories/gm. and 
the relative density of mercury be 13'6, calculate the density 
«of ice. (U. P. B.—1952 ; Nag. U.—1963) 
Ans. 909. X , i 
88. Twenty grams of water at 15°C are putin the tube of a 
dos calorimeter and itis observed that the mercury thread 
{moves through 29cm. Twelve grams of a metal at 100°C are 
thon placedin water and the meroury throad moves through 
ł2 cm. Find the specific heat of the metal. 
t Ans, O°, 
Èi 89. Steamat 100°C is passed into a calorimeter of mass 
- 55 gms, containing 160. gms. ofa mixture of ice and water 


7 Ux 
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Reference 


Art, 54 


Art. 55 
Art, 55 


Art. 55 


Art, 55 


Art. 55 


Art. 55 


Art, 56 


Arts. 55 


Arts. 
54 & 56 


Reference 


Arts. 
55 & 56 


Arts. 
54 & 56 


Art. 56 


Arts. 
54 & 56 


Art, 55 


Art, 56 


Art, 57 
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until all the ice is just melted, The mass of the calorimeter 
and its contents is then founto be 217 gms. How much of ice 
was originally present inthe mixture? |Latent heat of fusion 
of ice=80 cal./gm. ; laten theat of steam =540 cal./gm.] 


Ans. 81 gm. (Utkal. U.—1957) 


40. Define latent heat of vaporisation and describe an experi- 
ment to measure the latent heat of steam. 
(Utk. U.—1963 ; And U.—1962 ; V. U.--1955 ;. 
Del, H. 8.—1960 ; Pat. U.—1961, '63) 


| 41. Into a calorimeter containing 175 gm. of water and 
some ice, steam of mass 10 gm. and temperature 100°C is passed.. 
The temperature of the contents rises to 10°C. If the water 
equivalent of the calorimeter is Lgm., calculate the mass of ice 
initially present, Given latent heat of water—80 cal./gm. ; 
latent heat of steam=540 cal./gm. (And. U.—1965) 


Ans, 50 gm. 

49, Alcohol boils at 78°C, its latent heat of evaporation is 
202 calories per gram and its mean specific heat when liquid ig 
0'65. Calculate the least quantity of water. at 10°C needed to- 
condense 100 gm. of alcohol vapour at 78°C into liquid at 15*C. 

(Utkal, U.—1964) 


Ans. 4859 gm. 

43, A copper calorimeter weighing 100 gm. contains a 
mixture of 10 gm, of ice and 100 gm. of water at 0°C, Steam at 
100°O is passed into the mixture, until the final temperature of 
the calorimeter and its content is 10°C. Determine the mass of y 
steam which has passed into the calorimeter, given that the 
latent heat of steam=540 cal./gm., latent heat of ice=80 cal.’ 
gm. and sp. ht. of copper —0 1. 

Ans. 917 gm. 

44. The dismeter of a capillary tube of a Bunsen’s ice 
calorimeter is 1'4 mm. When a piece of metal weighing. 
109 gm, at 100°C is dropped into the calorimeter, the mercury 
thread moves by 10 gm. Calculate the specific beat of the 
metal. The latent heat of ice is 80. cal/gm.,and the density 
of ice is 0'9 gm./c.c- (Del. H. B.—1969) 

45. A copper vessel of water equivalent 60 gm. contains 

600 gm. of water at 30°C, A Bunsen burner, adjusted to supply 

100 calories per second, is used to heat the vessel. Neglecting 

all heat losses, calculate (a) the time required to raise the water to 

the boiling pointand (b) the time required to boil 50 gm. of water. 

(Latent heat of steam —540 calories per gm.) (0.U.—1952). 
Ans. (a) 7min. 42sec. ; (b) 12 min. 19 sec. (from start), 


46, Describe Joly's Steam Calorimeter and explain how it 
may be used to determine the specific heat of a gas at constant 
volume, 
(Nag, U.—1960 ; U. P. $.—1902 ; B. P, B.—1905, 69) 


— 
D \ 


. way, it is found that the paraffin begins to mélf at nearly 55°C and 


“as super-cooling, surfusion or superfusion and the liquid in 


- super-cooling, the liquid taken must be pure and free from any 6us 


CHAPTER VI 
CHANGE OF STATE 


58. Fusion and Solidification—Fusion (or melting) is the chang 
of a solid substance from the solid state to the. liquid state. Solidifiei 
tion (or freezing) is the change of & liquid substance from the liquit 
state to the solid state, Ifa solid body be heated continuously, its 
temperature gradually rises until at a certain temperature it beigns 
melt. Ifonce the process of melting has started, the temperature 
undergoes no change, till the whole of the substance is. converted in| 
the liquid state, This temperature, which varies from one solid to 
another, is called the melting point of the substance. If heating 
continued even after the whole of the solid has melted, the temper 
ture of the liquefied mass rises in the usual way. 

Take a mass of melting ice in a snitable vessel and fnsert a thermo 
meter in it; the temperature of the ice is found to be 0°C, To the 
ice apply heat by placing this vessel in another bigger vessel contain- 
ing hot water; ice beings to melt. Stir well. The thermometers 
however, does not show any change of temperature until the whole. of 
the ice is melted. If a quantity of paraffin waxis Heated in a sim 


that the temperature remains practically constant at this point unti 
the entire mass is melted. | E 
On the other hand, if a mass of liquid is continuosly cooled, the | 
temperature gradually falls until at a certain temperature the liquid 
begins to solidify. Throughout the process of solidification f 
temperature, which is different for. different liquids, remains constant 
and is called the freezing point or the solidification temperaturi 
of the liquid. Ifthe cooling is continued even after the whole 
liquid is solidified, the temperature of the resulting solid decreai 
in the usual way. 
` Super-eooling—Cooled slowly and undisturbed many liq 
may be cooled below their solidifying point withoutsolidification f 
place, eg, freed from dissolved air, pure water has without bein 
frozen been cooled to—20 0 by Despretz. This phenomenon kno 


€ondition is said to be super-cooled. This condition is uns 
for if the liquid is slightly shaken or if a piece of-a substance in 
solid form is dropped into the liquid, solidifies tion ensues at once & 
the temperature quickly rises to the true solidification point. 


ded or dissolved foreign substances. 


 Sublimation—There are certain solids which under ordi 
circumstances pass directly into the vaporous state without passim 
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through the intermediate liquid state and vice versa. Such a process is 
known as sublimation. Iodine crystals, camphor, sulphur, arsenic, 
benzoic acid, naphthalene are examples of these. Ice and snow also 
sublime slowly, even when below the freezing point. 


59. Determination of Melting point—The melting point of a 
solid can be determined by either of the following methods. 


(a) Capillary Tube Method—A small quantity of the subs- | 


tance in the liquid state is sucked into a thin-walled capillary tube. 
The lower end of the tube i$ then sealed. The tube C (Fig. 44) is 
fastened to the thermometer T, the sealed end being close to the bulb. 
in a/glass vessel, the open end of the capillary tube being kept above 
: the liquid. The bath is slowly heated and kept well- 
stirred. After some time a temperature is attained 
, when the solid in the capillary tube just begins to 
liquefy ; the temperature of the bath i8 noted. The 
flame is then removed and the bath is kept well- 
stirred and allowed to cool. Just when the subs- 
tance in the tube begins to solidify, the tempera- 
ture is agsin noted, Although from a theoretical 
standpoint these two readings are identical, due to 
uncertainties of practical observation the two read- 
ings should not differ by more than one degree and 
their mean is taken asthemelting point of the solid. 
This method is specially suitable when a very 
small quantity of the solid, which has not a high 
melting point, is available. (Vide J. Chatterjee's 
Intermediate Practical Physics.) 
(b) Cooling Curve Method—A lump of solid 
is taken in a small calorimeter and is heated in a 
Fig. 44 water bath or oil bath, until the whole of the solid 
8: melts and the temperature rises a few degree above 
the melting point. The bulb of & thermometer is now kept 
immersed in the liquid. The calorimeter is placed on & piece of cork 


inside a large vessel and is allowed to cool undisturbed. As the 


cooling proceedes, the temperature of the substance in the calorimeter 


is noted at regular intervals (say, half a minute), Ata certain tempe- 
raturo, solidification sets in and the thermometer records a constant 
temperature and the observation is continued for some time after 
the whole mass gets solidified. A curve is now plotted with 
time as the abscissa and temperature #8 the ordivate. The 


Seneral form of the cooling curve isa 
noticed that during the process of 80 


is practi ]lel to the time axis ; 
of ripe rione the period. If the solid is heated again, it would 


be found that ata certain temperature the solid begins to melt and 
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that the temperature remains constant, till the whole mass of the solic’ 
has melted. The temperature, which remains constant during the 
process of solidification as well as that of fusion, is found to be the 
same. This is termed the melting point of the particular solid or the 
freezing point of the corresponding liquid. 


There are certain substances (such 
as, glass, pitch. wax, fat, etc.) which are 
solids at ordinary temperature but which 
on being heated pass, before melting, ! 
through a plastic or Viscous state, which 
lies intermediate between solid and liquid. & 
This state may extend over a consi- f 
derable range of :bemperature depend- 
ing on the particular substance. Again 3 
there are certain liquids (such as, gly- €^ 
cerine, acetic acid and some other 
organic acids and oils) which pass 
through an intermediate viscous state g 
before changing into the solid state. 
These liquids have, therefore, no definite 
solidification point. In the case of a Fig, 45.—Cooling Curve 
substance, which is a mixture of different substances (e.g. parafin 
wax), we geb no single level step in the cooling curve, but a 
series of level steps, 

60, Change of volume in Fusion and Solidification—A 
substance always changes in volume on melting. In general, 8 
substance expands on melting and contracts on solidification. There, 
are, however, afew solids (¢.9., ice, cast iron, bismuth, antimony 
which contract on melting. In the former ease the solid sinks in the 
resulting liquid, while in the latter the solid floats on the correspond- 
ing liquid. 

The eapansion of water on freezing is very nearly 996. so that 11 
parts by volume of water at ("C become 12 parts by volume of ice at 
the same temperature. This means that 1 c.c. of water at 0^O forme 
1'09 c. e. ofice at O'O, Ice, therefore, floats on pure water. Take 
a tumbler of water with a lump of ice floating on it. Note the level of 
water, Ice gradually melts away, The volume of water formed by the 
melting of ice is less by zx5h of the volume of ice ; also the volume of 
ice above water is arth of the total volume of ice taken. Hence the 
volume of the water formed by the melting of ice exactly occupies the 
space formerly occupied by the immeresed portion of ice ; so when ic 
on water in a vessel melts, there is no change in the water level. 


Tf water is contained in a closed space, its expansion of freezing. 
takes place with a great force. A hollow ball of stout cast iron is. com- 
pletely filled with water, closed with a screw stopper and placed in & 
freezing mixture of ice and salt. After a time the water inside the ba 
freezes when the ball bursts asunder with a cracking sound. + 
completely filled with water and tightlycorked. a bottle be kept in 


Time in Minutes 37 
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open air on a frosty night, it would burst. Owing to the freezi 
pte inside, water pipes in cold countries often bazit during iy roe 
AAR pei ia expands on freezing the ice that is formed, would 
Rae e surface of water. So during frost in cold countries, rivers, 
ae jov! would have blocks of solid ice floating on water leaving 
2e E is water space for aquatic animals to survive. Also, since ice 
Mc ess of heat it does not allow all the heat of water 
sorge " escape and so the water does not freeze to a very great 
oe n when the temperature above water is very low. Cast iron 
Xs M solidification ; @ lump of cast iron, therefore, floats 
ds en metal. Tn an iron casting, the mass of molten iron 
e T sonaten and is forced into intimate contact with 
well doin b rias d, so that the castings are very sharp and 
1. Effect of Pressure on Melting Point—The meltin oint 
M e is found to depend on the pressure which it is Sama to. 
dis Hi of the effect is as follows.: Substances like ice, which 
act on melting have their melting points lowered by an increase of 
inc while substances like paraffin wax, which expand on melting, 

"3 heir melting points raised by an increase of pressure. 

oum imple consideration explains the above facts. On melting, ice 
e s gin volume. External pressure tends to decrease the volume 
erefore, helps the process of melting, Hence under increased 
aa ice melts at alower temperature. It has been calculated 
M E melting point of ice ab 0°C is lowered by about 0'0073?C for 
Dod s .of pressure of one atmosphere ; that is to say, the melting 
i us ice is lowered to—1°C bys pressure of about 137 atmospheres. 
ades pera wax expands on melting ; external pressure helps to 
Hence e vn volume and therefore, opposes the process of melting. 
i under increased pressure its temperature gets raised so as to 
ng about fusion. This holds for all substances which expand on 


melting. 
oi ROS Pato pratls two pieces of ice are pressed together for a few 
onds, then on releasing the pressure the pieces are found to cling 
together at the region of contact. The pressure lowers 
the melting point of ice and so the ice melts at the 
surface of contact, On releasing the pressure the 
melting point rises again and the water formed freezes 
binding the two, pieces. The phenomenon of the melt- 
ing of ice due to pressure and the subsequent re- 
solidification, when the pressure is removed, is known 
This was 


as regelation (re. again: gelare, to freeze). 
lowering of the melting 


first noticed. by Faraday. The 

point of ice by inereased pressure can be demonstrated 

by the following experiments. 
Mousson's Apparatus—The apparatus consists of a 

stout iron'cylinder A (Fig. 45) close dat one ond with a 

screw plug and fitted at the obher with screw plunger 


Pt, 1|H.—T 
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P. The cylinder is partly filled with water which is frozen by placing 
the cylinder inside a mixture of ice and salt. A small metal ball B is 
then placed on the top of ice within the cylinder which is now closed 
by the serew plunger. 1 he whole is then surrounded by melting ice 
and pressure is gradually applied by working the plunger in. When 
the screw at the bottom is taken out, the metal ball is found to come 
out first. This shows that during the application of pressure ice melts 
and that the ball goes down ; hence the melting point of ice is lowered 
by the increased pressure. When the pressure is released, the water 
freezes again, leaving the ball at the bottom. 

Bottomleys Experiment—A large block of ice is placed on a 
suitable support (Big. 46). With a heavy weight attached underneath, 
a loop of wire is passed over the block near about its middle. Itis 
found that the wire makes its way slowly through the block and ulti- 
mately passes out. The block however remains unbroken, the track 
of the wire being marked by the section of ice, 


It can be explained thus, Just under the wire the 
ice, being subjected to great pressure, has its melting 
point lowered and, therefore, it melts. The latent heat 
necessary for the melting ofice is taken practically 
from the surrounding ice. Hence the temperature of 
ice near the wire gets below 0°O. The wire passes 
down and the water flows above. The water is now 
free from pressure and since in contact with ice 
below 0'C, its temperature is 0?Q, it freezes again 
and thus joins the two surfaces of ice together. 

As the heat necessary for fusion is to be partly con- 
ducted through the wire from the upper side to the 
lower one, the wiretransmits heat more rapidly,ifitbe ™ 
made of a better conductor. Thus a copper wire cuts Fig. 46 
through more quickly than an iron wire of the same 
diameter, whereas a piece of thread cuts through very slowly. Snow 
balls can be formed by pressing pieces of snow. The markings of the 
slate of the wheels of heavy cart on ice can be similarly explained. To 
some extent the motion of glaciers may be attributed to this cause, 
Subjected to a very great pressure, a layer of ice as the bottom 0 
the glacier melts and the water freezes out but resolidifies. Thus the 
bottom being soft, the glacier begins to move down the incline. 


62. Freezing Mixture—The process of a solution of a solid in 
liquid is akin to a change of state. Thus ifa quantity of sugar or 
any salt is dissolved in water, the necessary heat for solution 18 
taken from water and the solution ; therefore the mixture cools de 
When common salt is mixed with ice, a quantity of galt goes into 
solution and absorbs some heat fromice. Thus the mixture ho Ya 
have a temperature below 070. This is the principle upon Wo 
freezing mixture acts. Thus by dissolving crystals of sodium sulphe 
or ammonium nitrate in a mixture of ice, a temperature ob 2M 
may be attained. 


ART. 62 CHANGE OF STATE 99 


When the temperature of the freezing mixture falls below 0°C and 
some salt goes into solution, there is an internal pressure due to the 
dissolved salt acting within the solution. This is called the solution 
pressure. This solution pressure helps in liquefying more ice and then 
absorbing more heat from the mixture, an additional quantity of salt 
goes into the solution. This explains the lowering of temperature of 
a freezing mixture. Ultimately an equilibrium of temperature is 
attained, when the rate of supply of heat from the surrounding atmos- 
phere is equal to the rate of absorption of heat due to the dissolved 
substance. This is the minimum temperature attained by the mixture. 


Seme Freezing mixtures 


Ingredients Parts by weight Temp. of the minture 
Ammonium sulphate id r —174°0 
and ice +10 
Powdered ice ani) —22°0 
and common galt Ed. 
"Oalcium chloride T2 i — 85°C 
and ice one 
Carbon dioxide (solid) be $) —77°0. 
and ether 1 


When accumulated ice melts, it absorbs the latent heat from air, 
whereby the temperature of the air falls and fog is formed. Again. 
when a liquid passes into the solid state, it gives out the latent heat. 
Thus during a snowfall the moisture inthe atmosphere changes into 
snow and gives out the latent heat, whereby the air feels warmer, 

63. Laws of Fusion—(1) A solid under constant pressure begins 
to melt ata certain. temperature which is constant for the same 
solid and which is called the melting point of the solid at the given 
pressure. The melting point of a solid is the same as the solidifica- 
tion point of the corresponding liquid. 

(2) The rate of fusion is proportional to the supply of heat; but 
the temperature of the solid remains constant at the melting point 
until fusion is complete. ? , 

(3) Ifa substance (e.g.) paraffin wax expands on melting, its 
melting point is raised by pressure. If s subtance ( such as ice) 
contracts on melting, its melting point is lowered by pressure, à 

(4) During fusion a unit mass of each substance absorbs a definite 
quantity of heat known as its latent heat of fusion, which is constant 
for the particular substance. 

64.  Vaporisation and Liquefaction—The change of a subs- 
tance from the liquid state to the vaporous or gaseous state is known 
as vaporisation, while the change of a substance from vapour to liquid 

is'known as liquefaction or condensation. 

Depending upon the circumstances under which it take 
process of vaporisation falls under the two catagories H 
tion and (71) ebullition or boiling. 


s place, tho 
(i) evapora- j 
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Evaporation—If some water contained in a shallow dish be left 
at the ordinary temperature in a fairly dry room in an open vessel. the: 
quentity of water is found to decrease gradually and disappear 
ultimately. Such disappearance is much more rapid in the case of 
methylated spirit, turpentine, ether, etc. In all these cases the liquid 
gradually passes into the gaseous state and as the mass of the liquid 
is not disturbed, the change must be taking place at the surface of 
the liquid. The process is known as evaporation. Evaporation, then, 
is a slow change from the liquid state to the gaseous one which takes 
place at the surface of the liquid and at all temperatures. From the 
above we gather that in an unlimited space (such as the open atmos- 
phere) the process of evaporation goes on continuously until the 
whole of the liquid is changed into vapour. Butin a closed or limited 
space it would be found that after some time the liquid shows 

: no further decrease in volume. This shows that under definite condi- 
tions a limited space can contain only a limited quantity of vapour. 


Ebullition or Boiling—Take some water ina glass flask closed’ 
with a stopper, through which an exit tube is fitted and a thermometer 
is inserted into the water. As the flask is heated over a Bunsen flamer 
the mass of the liquid gradually rises in temperature and the rate of 
evaporation also is found to increase. On the inside of the walls of 
the flask some bubbles appear which become larger with rise of 
temperature of the liquid, finally detack themselves from the walls of 
the flask and rise towards the surface. These are bubbles of air 
dissolved in the liquid. As the temperature rises further, bubbles of 
steam form at the bottom of the flask and while rising up, they collapse 
and condense with a sharp click which causes the water to ‘simmer. 
As the temperature of the liquid increases, bubbles reach the surface 
of that liquid when simmering ceases. Bubbles of steam are then fou 
to escape vigorously throughout the mass of the liquid and the. 
temperture of the water is found to remain steady. The water is DOW 
said to be boiling or in a state of ebullition. 


Thus ebullition or boiling is the rapid change of a substance from 
the liquid state to the gaseous one for a particular liquid and this- 
takes place throughout the mass of the liquid and at a definite tempers- 
ture, under given conditions. The temperature remains constant- 
throughout the process, provided the pressure remains unchanged. 
The boiling point of a liquid is a particular temperature, at which if 
changes from liquid to vapour under definite conditions and which 
remains constant so long as boiling goes on. Different liquids have 
different boiling points. 


& If a quantity of water, which has been previously boiled so a8 to 
drive away dissolved air, be allowed to boil, it may sometimes be foun 
that there is no continuous bubbling. The reason is that suddenly 9 
large bubble forms and bursts forth so as to throw the water violently 
upwards»; The temperature of the liquid fluctuates slightly. The liquid t 
again remains quiescent and similar boiling takes place after an intier- 

: val. This is known as boiling by bumping, If a small piece of cotton 
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or a fragment of glass~or porcelain be introduced into the liquid, 
bumping ceases and continuous boiling takes place. 

Distinction between Evaporation and Ebullition—The following 
are the distinguishing features between evaporation and ebullition— 
(i) Evaporation is a slow process, but ebullition is a rapid one 

(ii) Evaporation takes place at the surface of a liguid. while 


ebullition occurs throughout iis mass. 


(iii) Evaporation takes place at all temperatures, while ebullition 
occurs at a definite and constant temperature, called the boiling point, 
which depends on the nature of the liquid and the general conditions. 

Similarity between Fusion and Ebullition—The following are 
the points of similarity between fusion and ebullition— 

(i) The temperature remains constant throughout each process. 

(ii) The latent heat is absorbed during each change. 

(iii) Usually there is an increase in volume during each change. 

(iv) Just as pure liquids may be cooled under suitable conditions 
below the normal freezing point without solidification taking place, 80 
also they may be heated above their boiling points without boiling. 

(v) The freezing point as well as the boiling point of a liquid 
change with pressure. 

(vi) The freezing point of a solution is lower than that of the pure 
solvent and the boiling point of solution higher than that of the pure 
solvent the difference in each case being approximately proportional 
to the concentration of the solution, eg.. & saturated solution ‘of 
common salt freezes at about — 23°C and boils at 108°C. 

65. Factors influencing Evaporation—The rate of evaporation 
of liquid is experimentally found to depend upon the following 
‘six factors <— i 

(a) The nature of the liquid -The lower is the boiling point of a 
liquids, the greater is the rate of evaporation. : 

(b) The temperature of ihe liquid— The higher is the temperature 
ef the liquid, the more rapid is the evaporation. So as to prevent rapid 
evaporation liquid medicines containing volatileingredients are Weed 


to be kept in a cool place, 


(c) Area of the exposed surface—A8 & genetal rule, the larger is the 


area of the surface of the liquid exposed to air, the quicker isthe rate 
of evaporation, e.g, & given quantity of a volatile liquid will evaporate 
more rapidly when contained in & dish than in a tumbler. 

(d) The pressure on the surface— The less is the pressure on the 
Surface, the higher is the rate of evaporation. Thusin vacuum the 
evaporation is extremely rapid. In pharmaceutical works liquid 
extracts are rapidly concentrated and solid extracts are manufactured 


by the process of evaporation in vacuo. Hien 
upper air close to the liquid surface— 
(e) The pressure of the upp i acon i et me 


The less is the quantity of the vapour alread’ 
volume of air, the higher is the rate of evaporation. Water evaporates 
more rapidly in dry sir than in damp air, For this reason wet linen 


and muddy*roads dry more qu 


ickly in winter than in rainy seasons, . 


: liquid no longer evaporates. The difference of the 
. heights of the mercury columns determines the 
` pressure exerted by the vapourat the time. Now intro- 


exerted by the vapour has reched its maaimunm value. 
Kax 7 
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"(f) The removal of air in contact with the surface of the liquids—’ 
When the layer of air above the liquid surface containing the vapour 
is removed by wind, a fresh layer of air comes in the place and helps 
evaporation which thus proceeds rapidly and continuously. Hence wet 
linen dries more rapidly on a windy day than on a calm day. : 

Factors influencing Boiling Point—The boiling point of æ 
liquid is influenced more or less by — i 

(a) the vapour pressure on the surface of the liquid, 

(b) the presence of any dissolved impurity, solid, liquid or gaseous* 
and (c) the boiling point which depends to a small extent on the 
material of the vessel and the degree of cleanliness of its inner surface, 


. 66, Vapour Pressure—The vapour of a liquid formed at any 
temperature exerts pressure like a gas. This is called the vapour ' 
pressure of the liquid at the corresponding temperature. 

Take two barometer tubes A and B (Fig. 47), each about a metre 
long and completely filled with pure dry mercury, Close the open ends 
and invert both of them over a trough containing pure dry mercury, 
Clamp both the tubes verticallyside by side. In both tubes the mercury 
stands at the same level. The height of the mercury column 
from the surface of mercury in the trough indicates the atmospheric 
pressure at the time. The space above mercury in each tube is 
Torricellian vacuum and contains only mercury vapour having 
negligible pressure. ; 


In&o one of the tubes say B, introduce a drop of 
water by means of a small bent pipette. Being lighter 
the watar rises to the top of the Mercury column and 
immediately evaporates. The level of the mercury 
column in B comes down to some extent. This indi- 
cates that the vapoursoformed exerts pressure within 
the closed space of B. The/difference of mercury levels 
in A and B measures the pressureof the water vapour, 


Again, introduce a drop or two of water into it. 
The water evaporates and the increased quantity of 
Vapour exerts greater pressure, as shown by a further 
depression of the mercury column. Continue adding 
water till a thin layer of water at C appears on the 
surface of the mercury column, showing that the 


duce a few more drops of water. No longer does the Fig. & 
mercury column get depressed. This indicates that the pressure 


Y 


*!t is for this reason. that in the determination of. tho boiling point ofa liquid 
insjulb of tho thermometer: should be placed in thevapour of the liquid, and nof 
s Pre itself. Again, the boiling point ofa solution is always higher than 
that of HOlviht ^s SEPAN esa ; ET 
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Pos shows that under given conditions a closed. space can hold 
only a limited quantity of vapour. In this condition the space 
is said to be saturated with the vapour. Hence if in a closed 
vna vapour remains in contact with its liquid, the space is 
ie saturated with the vapour. The pressure exerted by 
Aer ME. is consequently maximum. and. is refetred to 
MEAM Muir tension or saturated vapour pressure ab the 


ut WEED a space contains less than the maximum amount of vapour 
ele ME contain at the given temperature, it is said to be 
ee ed and the pressure now exerted is known as the unsaturated 
ceper disi Evidently, at a given temperature the pressure 
it hes hnic vapour is less than that of the saturated vapour. 
BN d ifferent liquids the above experiment be repeated, if 
$ e found that at any given temperature the saturated 
apour pressures of different liquids are different from each other, 

67. Effect of Pressure on Saturated and Unsaturated 
Vapours—Any vapour in contact with its liquid ina 
closed space is always saturated. It is found that saturated 
vapour does not obey Boyle's Law, but that unsaturated 
vapour does. 

(1) Effect of Change of Volume on Saturated ` Vapour 
at Constant Temperaiure—Take a clean barometer tube. 
Fill it completely with pure dry mercury and invert the 


tube over a deep cylindrical trough `O (Fig. 48), also 
containing pure mercury, Introduce sufficient water 
into;the tube, so that the mercury column is depressed 
to the maximum extent by the water vapour and a layer 


of water remains on the mercury column, The volume 
of the enclosed vapour is proportional to the length of 
the space above the mercury head and the difference 
between the heights of the mereury column and the baros 
metric height gives the pressure of vapour. 

Now push the tube gradually into the trough and 
observe the height of the mercury column, Note that 
as the space above the mercury column occupied by the 
d, more and more of the vapour is 


vapour is decrease 
condensed into water, but that the height of the mercury 


column above the surface of the mercury in the trough 
remains unaltered. This. shows that the pressure of 
gaturated vapour does not change with volume. Again, 
taking care that its open end is always under mercury and 
that some water is left on the surface of mercury, raise 
the tube gradually. As the inside volume is increased, some 
of the water quickly evaporates and saturates the space, but 
Fig. 48 the height of the mercury column aboye the mercury in C 
remains the same. This indicates that the saturated vapour pressure 
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remains unaltered, This takes place until the volume of the 
Space above mercury is increased to such an extent that the whole 
amount of water gets evaporated. Any further increase in the volume 
would make the space unsaturated and the pressure of tthe vapour 
would be inversely proportional to the volume. That this would beso 
follows from Boyle's Law. 


The above experiment indicates that at a constant temperature 
the amount of vapour necessary to saturate a space is proportional to 
the volume of the space, but that the pressure exerted by the 
Saturated vapour remains the same, whatever be the volume of the 
| space. Hence at constant temperature the pressure exerted by 
| | saturated vapour is independent of the volume. Thus we come to 
the conclusion that saturated vopour does not obey Boyle's Law. 


a | (9) Effect of Change of Volume of Unsaturated Vapour at Constant 
T Temperature—Take the same apparatus as in Fig. 48. Introduce . 
a drop or two of water into the tube and observe the depression of 
| the mereury column as the water evaporates. Raise the tube until 
| the water is completely evaporated ; now raise the tube a little 
if. further so'as to be assured that the space above the mercury 

| becomes completely unsaturated. Precaution being taken that the 
open end remains always under the mercury, gradually raise the tube 
ab this stage. Note that as thé volume of the vapour gets increased, 
the height of the Mercury column increases. It isfound tbat 
| the pressure of the enclosed vapour decreases. Find the vapour 
pressure in each case and note that the product of the volume and 
the corresponding vapour pressure is practically constant. 


Again, push the tube gradually into the trough, Observe that as 
the volume of the vapour is decreased, the height of the mercury 
hie Column decreases. An increase in vapour pressure is thus indicated. 
Wl Note that in this case the product of the volume and the correspond- 
Ht ing vapour pressure is practically constant. This goes on until the 
Il ‘diminished space becomes saturated with the vapour contained, when 
| liquid would appear and the pressure would be the maximum for that 
| temperature. No further decrease in volume will change the pressure ; 
i only more and more of the vapour will be condensed. Hence ats 
| constant temperature the product of the volume and the pressure of 
Unsaturated vapour is approximately constant; that is unsaturated 
il vapour approximately obeys Boyle’s Law. With the vapour of any 
I other liquid the above facts can be verified. 

68. Effect of Temperature on Saturated and Unsaturated 
Vapours—It would be found that saturated vapour does not obey 
i Charles’ Law, but that unsaturated vapour does. 
| (1) Change of Temperature of Saturated Vapour—Take two 
| barometer tubes A and B filled with pure dry mercury. Invert 
fi them over a mercury trough O (Fig. 49). Jacket the tubes by & 
il wider glass tube J, reaching almost’ up to the mercury surface and 
I having its lower end closed by a cork through which passes the tube. 


ABT. 68 OHANGE OF STATE 105 


TE jacket gontin water which can be heated by introducing steam 
* gh a glass tube reaching almost down tothe bottom. The 
temperature is noted by a thermometer T .suspended within the 
jacket, With water at room temperature fill the 
jacket, The height of the mercury column from the 
mercury surface in the trough gives the barometric 
height at the time. Introduce sufficient water into 
one of the tubes (say, B) by means of a bent pipette, 
so that the mercury column is depressed to the maxi- 
mum extent and a layer of water remains on the 
mercury column. The difference in heights of the two 
columns gives directly the saturated vapour pressure 
at the temperature of the bath. The tubes being inserted 
inside the same bath, a change of temperature affects 
both the mercury columns equally. 

Now by dropping ice into the bath, lower its tempera- 
ture. Note that as the temperature falls, more and 
more of the vapour is condensed snd that the height 
of the mercury column increases. The indication is that 
the vapour pressure, which is always saturated, decreases 
as the temperature falls. The difference in the heights 
of the mercury columns in the two tubes gives directly 
‘the pressure of the vapour at the corresponding temperature. Again, 
raise the temperature of the bath by passing steam into it. Note that 
-as the temperature rises, more and more of the water evaporates and 
that the mercury column gradually goes down. This indicates that the 
pressure of the saturated vapour increases with the rise in temperature. 
The experiment can be continued upto a temperature till the water just 
-completely evaporates, after which the vapour becomes unsaturated. 

It is to be remembered that solong as the temperature remains 
constant, the pressure of the saturated vapour is not affected by a 
change of volume. Therefore, the pressure of saturated vapour changes 
with change of temperature, but not according to Charles Law ; it 
-always equals the saturated vapour pressure at the particular tempera- 
ture. This shows that saturated vapour does not obey Charles 


Law. 

(2) Change of Temperature of Unsaturated Vapour—The appara- 
-tus, which can be conveniently used for the purpose, consists of a 
wide graduated tube AB (Fig. 50) having at one end & funnel tube 
E provided with stopcocks 8, and Sa. The lower end of AB is con- 
nected by a thick-walled flexible rubber tubing to another glass tube 
"DF which is open at the top. The lower parts of AB and DF and 
‘the whole of the rubber tube are filled with pure dry mercury, The 
tube AB is jacketted by a wide glass tube J closed at the lower end 
by acork, through which the lower end of AB passes. ‘The jacket 
-eontains water which can be heated by passing steam into it by a 
glass tube I, reaching almost up to the bottom of the bath ; the tem- 
wereture is recorded by the thermometer T, The jacket tube is held 
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vertically by the clamp © fixed to a suitable stand. The tube DE 
can be moved up and down along a vertical stand against a metre 
scale and can be clamped at any position. El ; 


Open S; and Sa. Raise DF until the mercury in 
AB comes out of 8,1, 80 that the air in AB escapes 
fully. Close the stopcocks and lower FD, until the 
mercury level in AB goes down sufficiently to leave 
9 vacuous space above the mercury surface. 
Evidently the difference in the mercury levels in AB 
and DF is the barometric height at the time. In the 
funnel pour some liquid, Say water. Open 81, when 
some amout of the liquid occupies the space between 
S, and 8,. Close S, and then open Se, so that a 
very small quantity of water is discharged into the 
vacuous space in AB and at once gets evaporated. 
Observe that owing to the Pressure of the unsatu- 
rated vapour the level of mercury in AB sinks. 
Inerease the space above mercury a little more by 
lowering FD and make sure that the space becomes 
unsaturated. Note down the position of the mereury 
level in AB. Subtracted from the initial difference, 
the difference in the mercury levels in AB and DF, 
$6. the barometric height, determines the pressure 
of the unsaturated vapour at the temperature. 

Now by passing steam into the bath, gradually 
raise its temperature. At intervals maintain the tem- 
perature constant for some time by regulating the flow of steam. 
Observe that as the temperature rises, the mercury column in AB gets 
depressed more and more, Raise DF each time, till the mercury level 


is kept constant. Note that the difference in the mercury levels in 
AB and DF gradually decreases ; this is indicative of an increase in 
vapour pressure. It is found that the increase of pressure with 
temperature approximately follows Charles’ Law. If the tempera- 
ture of the jacket is decreased and the volume of vapour is kept 
constant by the lowering DF, the * 
to decrease with a fall in temperature; this nearly obeys Charles 
Law. This goes on, till at a certain temperature the space becomes 
Saturated with the vapour contained. Ifthe temperature is further 
decreased, the Pressure being always the Saturated pressure for the 
temperature in question, falls at a quicker rate. It is found, therefore, 
that with the change of temperature the pressure of ‘unsaturated 
Vapour changes in obedience of Charles’ Law. This proves that 


. 5,89. Distinction be 
— When a space conta 
which can be contained 


ART. 69 OHANGE OF STÀTR ‘107 


space is said to be saturated with the vapour. The pressure exerted 
by the saturated vapour is the maximum for that temperature. The 
presence of some amount of the liquid in a closed space ensures that 
the space is saturated. Ifthe space does not contain the maximum 
possible amount of vapour at the given temperature, the space is then 
unsaturated with the vapour. 

Ata constant temperature the pressure of saturated vapour does 

not depend on a change of volume. Ifthe volume is decreased, some 
amount of the vapour is condensed ; but the pressure remains the 
same. Again if the volume is increased, to saturate the space some 
amount of the liquid at once evaporates, the pressure remaining the 
same as before. In the case of unsaturated vapour, a change in volume 
at constant temverature produces a change in pressure and approxi- 
metely follows Boyle's Law. If the pressure is increased, the volume 
decreases; this goes on until the volume becomes saturated with the 
vapour, after which the pressure cannot be changed any further ; but 
any attempt at compressing the volume would condense more and 
more of thé vapour, Saturated vapour, does not obey Boyles Law: 
but unsaturated vapour approximately does. 
_ Ifthe temperature of saturated vapour in contact with its liquid is 
increased, more and more of the liquid evaporates; the pressure 
increased with temperature, it being always the saturated pressure at 
the particular temperature. Ifthe temperature is decreased, some 
volume of the vapour is condensed, the pressure falling to the satura- 
tion pressure for that temperature. The change of pressure in either 
case does not, however, take place in consonance with Charles’ Law. 
But in the case of unsaturated vapour the pressure changes with 
temperature approximately in accordance with Charles’ Law. If the 
temperature decreases, the pressure decreases, till at a certain tempe- 
rature the space becomessaturated with the vapour present. On further 
lowering the temperature, more and more of the vapour is condensed 
the pressure each time coming to the saturated pressure ati the 
particular temperature. Saturated vapour, therefore. does not obey 
Charles’ Law ; but unsaturated vapour does approximately. 

The following table supplies the saturated vapour pressure of 
water with the corresponding temperature. 

Saturated Vapour Pressure of Water with Temperature 
rt Eti shut eun Be 


Pres. 
(in mm:): 


Press. 


Temp. Press. 
à (in mm.) 


Temp. 
(in °C) 


Temp. 
(in: °C) 


408 INTERMEDIATE PHYSIOS OHAP. VI 


70. Pressure by a Mixture ot Gases and Vapours— Take the 
‘same apparatus asin Fig.51. Keep the jacket filled with water at 
the room temperature. Open 8, and Sa and draw in a quantity of dry 
air into AB. Adjust DE, so thatthe mercury levels in AB and DF 
are the same, The air in AB is now at atmospheric pressure. Mark 
the position of the mercury in AB. Put some ether in the funnel. 
"Through the stopcocks introduce sufticient liquid into AB soas to 
leave some of it unevaporated. Observe that the mercury column in 
AB is depressed by the pressure of the vapour. Now raise DF till the 
level of mercury in AB is brought back to its former position. ‘As the 
volume of the air is the same as before, its pressure is equal to the 
atmospheric pressure. The difference of mercury levels in DF and AB 
is, therefore, equal to the pressure of saturated vapour at the room 
‘temperature. 


Again, open S4 and Ss. Raise DF till the air, the ether vapour 
and a little of the ether are driven out of AB, some only being left 
n the mercury surface in AB. Close S, and 84 and lower DF sufi- 
ciently to get the ether evaporated. The difference of mercury levels 
in DF and AB remains the same, even though DF is lowered still 
farther, provided some ether is left in AB. This difference gives the 
Pressure of saturated ether vapour at the room temperature, when 
formed in vacuum. It is found that the pressure of the saturated ether 
vapour ata particular temperature, whether formed in vacuum or in 
presence of air, is the same. 


Itin the above experiment the volume of the space over mercury 
in AB be increased or decreased by lowering or raising DF, the total 
pressure due to air and vapour will found to change. But if due to 
a change of volume of the air the alteration in pressure as given 
by Boyle's Law be taken into account, the pressure due to the vapour 
alone is found to remain the same, provided there is enough of the 
liquid to keep the spacesaturated. But if the space is unsaturated, 
then for any change in volume the total pressure is found to change 
according to Boyle's Law. If with water or any other liquid the 
experiment be repeated, similar result will be obtained. Again, if 
the saturated pressures of two liquids be separately jdetermined in 
closed space, the saturated pressure, when both the liquids are simul- 
taneously present in given volume, would be found to be equal to the 
sum of the pressures exerted by each, provided there is no chemic& 
action between the two. Summarised in Dalton’s Law, the results 
are given below ? ; 

Dalton's Law of Vapours —The laws of Pariial Vapour Pressure, 

- known as Dalton's Law, may bo stated thus t 1 

(1) The saturated pressure of a particular vapour in a closed 

Space, at a given temperature depends only on this temperature and 
is independent of its volume or of the pressure of any other vapour Or 
$88, provided they do not chemically react with each other. 
2) The total pressure exerted in a closed space by a mixture of 
gases and vapours having no chemical action upon one another is the 


m. 
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sum of pressures which each would separately exert, if it alone occupied: 
the whole space at the existing temperature. 


The first law applies only when the space is saturated, while the 
second law always holds good, no matter whether the space is 
saturated or not. 


Example : 

Two bulbs of volumes 1 litre and 9 litres are connected by a tube of narrow bore.. 
Initially the air inside the two bulbs is at O0°C and 76em. pressure. The smaller 
bulb alone is raised to the temperature of 100°C, What is the pressure inside 
the system ? And, U.—1952] 


Ans. Suppose that the smaller bulb is isolated and then raised to 100°0.. 
Thon the pressure inside the bulb is T6x(14-100x:00366) cm. Now connect 
this bulb to the larger bulb which to start with, issupposed to be empty. If 
the pressure of the two bulbs of total capacity of 3 litres be P, cms., then from 
Boyle’s Law : 

76x (1--100x00866) x19 P, X3, whence p, =e 


Next isolate the larger bulb, the pressure inside being 76 cm. and connect it to., 
the emaller one which ia now supposed to empty. Then if the ipressure of the 
system be P, om., it follows from Boyle’s Law that 


P,x3-T76x9, whence P, Sx. 


Dalton’s Law of Pressure, then, ensures that the total pressure of the system: 


is=P, +P, (Ss 8X3). = (r6x1:199]om, 785272 cm. 

71. Vapour and Gas: Critical Temperature— Use of thé. 
two terms vapour and gas is made with no hard-and-fasb distinction. 
Generally speaking, vapour is used to mean the gaseous state of a 
substance which is liquid ora solid at ordinary temperature and 
pressure ; instances of this are water vapour, ether vapour, aleohol 
vapour and vapour of iodine or of camphor, The term gas generally 
denotes a substance which under ordinary temperature and pressure 
remains in the gaseous state; such substances are oxygen, nitrogen, 
ete. A general distinguishing feature 18 that a vapour can be easily 
liquefied at the ordinary temperature by increase of pressure alone, 
while under similar conditions a gas would get more and more 


r cannot be liquefied by pressure,. 
rticular temperature which depends 
above this temperature the vapour 
's Law. On the other hand, if cooled 
mperature, d pue A nicl gas whe 
en) ean be liquefied by suitable pressure. 80 that- 
peni P: Dun the gas behaves a8 the vapour of the liquid. 


substance in the gaseous state there isa certain 
a oe that the substance can be liquefied by ‘suitable 
pressure alone if it be below this temperature; buf it cannot be 
liquefied, if it be above that temperature, however great the pressure 
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may be. This temperature is known as the critical temperature 
ofthe gaseous substance, Hence below its critical temperature a 
‘substance in the gaseous state behaves like a vapour and above this it 
behaves as a gas. In other words, a gas is not other than a vapour above 
ats critical temperature. The critical temperature of oxygen, nitrogen 
and hydrogen are very low, being respectively—11 8'8°C., — 147 1^0 
and— 239'9'O. Hach gas must, therefore, be cooled below its critical 
temperature before it can be liquefied by the application of suitable 
pressure. 


Critical’ Pressure—Tho pressure required to liquefy a gas at its 
eritical temperature is called its critical pressure. 


Critical Volume—The volume occupied by one gramme of a 
geseous substance at its critical temperature and critical pressure is 
called its critical volume. 


Examples : 


time are 76 cm, and 20°O respectively. Saturated vapour pressure of water at 20°O 
is 17'5 mm.) 


Ans. Obviously, the pressure of air and saturated vapour inside=(76—10) 
om. = 6 cm, 


"+ the initial prossure of air only =(6—1'75) om, =4'95 cm. 


When the volume of the air is reduced to a half, the pressure of the saturated vapour 
remain the same; but the new pressure of air beeomes equal to (2x45) cm. 
“e, 8'5 cm. 

Let the new length of the mercury column be=/ cm. Accordingly, 

h+85+1°5=76, whence the desired hoight / is 65°75 om. 

2. Five hundred o.c. of hydrogen is collected over water at 26°C when the 
barometric height is 762 mm. Calculate the weight of hydrogen when dried. 
ADensity of hydrogen at N.T.P.=0'09 gm. per litre; saturation water pressure 
-at 25"0 is 23 55 mm.) (Mad, U.—1950) 

Ans. Bince hyfrogen ie collected over water, the gas is saturated with water 
vapour, and the pressure exerted by the mixture is the sum of the individual 
Pressures, Lot the prossure exerted by hydrogen alone at 25°C and having a volume 
of 500 c.c. be p mm, 

, Then, by tho condition of experiment, p+ 23'55=769, whence p=798'45. 
Then, from Boyle's Law, if the volumo be v c.c, at N.T.P., 


160X v... 73845 x 500 " 
in^ CNS-35 > whence v=445'1 c.c. 


. Bo of this volumo tb f hyd = (445'1 x 00009) gm.-0'04 gm. 
approximately), a mass of hydrogen =(445'1 x 00009) g: 


` 8. A uniform tube, 80 cm. long and 1sq. cm. in cross-section, is filled, with 
meroury and it is inverted over a mercury As with the open end 2 om, below 
moroury. The height of the mercury column is found to be 74'4 om., the true 
ng 76 cm. ` If tho error, that has crept in, i9 duo to the 
turatod) water vapour, what will be the volume of tho latter at the 


t 
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Ans. Tho length of the space above meroury = (80 — (24-74 4)) em. 9*6 em, 
the volume of the water vapoure(8'6X1) o.0.=8'6 co. and the pressure 
=(76—74°4), $,6., 1'6 cm, of mercury. 

Ifthe volume of the vapour at atmospheric pressure be v c.c, Boyle's Law 
states. 

76x v=1'6x8 6. whonco the required volume v ia 0'7 c.c. 

4. A mass of air is saturated with with water vapour at a temperature cf 100°C ; 
on raising the temperatare to 200°C witbont changes of volume tbe pressure is 
vised to two atmospheres, Find the pressure at O'O of this volume of the dé 
air alone. {Pat. U.—1996) 

Ans. Lot the respective pressures of dry airatO'O and 100°C be P, om, and 
P om. of mercury. 

Now at 100°O the pressure of the saturated water vapour 76 em. 

E » total pressure of the (saturated) molat air» (P4 70) om. 


Asthe vapour is unsaturated at 200°C, the standard equation I givos 


P+76 | 9x70. ^ 
05-13 “oga : "Bence Po 0194. 
P, 4974 — 49784 x 978 

Again, rr moore ot Pet a 

Thus the pressure sought for is 3101 om. 

5. Atoneonda capillary tube of. uniform bore is sealed and a column ot alr ia 
enclosed in the tube by a pellet of water, Tho enclosed alr column measures 10 om, 
at a temporature of 17"0, and 16 om. at 67°C, Am or Bae the vapour pressure 
‘of water at 1770 is 15 mm., find the vapour pressure at 67°C, (Barometric height at 
‘the timo = 760 mm.) 

Ans. Donote the vapour prossure of water at 67°C by # mm. 

Owing to tho presence of tho pollet of water the column of air fa always saturated 
with water vapour. Now wo know that the saturated vapour pressure lienot 
affected by change of. volume and tho total pressure insido therefore, always 
equal to the atmospherlo pressure 

Since due to dry air only the initial pressure (700 — 15) m mm, 

PY PREV 
and the final pressare=(760~2) mm., wo know from tho relation iia m 
that 
(760-2) X16, TA5X10 cries wala d, 
rpa 1t +978" aT 

Thus the desired pressure is 2141 mm. 

13. Cold caused by Evaporstion-- Whenever s liquid evapo- 
ratos at any temperature, some heat is necessary to be supplied as 


and the more rapid the evaporation, the greater the et ti 
Th riments and observations testify e above 
ende the. palm pr ^et drops of ether or aleobol. 
As the liquid evaporates, ita heat from the palm vio eoo 
thereby. In some minor surgical local anaesthesia 


Se er ON a ee 
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produced by an ether spray. The bulb of a thermometer is wrapped: 
with a piece of muslin and a few drops of ether are poured over the 


muslin. With evaporation of ether the thermometer records a drop: 


in temperature. Tea is sometimes poured out in a saucer before 
sipping: tea in the saucer, being exposed over a large surface, 
evaporates more quickly and gets cooled. Iffor some time a person 
remains with wet cloths on, he is likely to catch cold, for while water: 
evaporates, it absorbs heat from his body. 


Kept in unglazed earthen pitchers, water in hot climate becomes 
cooler than the water kept in glass or metal vessels. The reason is 
that the walls of earthen pitchers being porous, water always oozes 
out and evaporation takes place all over the vessel, whereas in a. 
metal vessel it may take place directly from the water surface only 
through the mouth. Quicker evaporation, therefore, produces greater 
cooling of waterin the porous vessel, But when the atmosphere is 
saturated (asin rainy season), very little evaporation occurs and we: 
do not find any appreciable difference in the temperatures of the 
waterin the two vessels. When streets are watered, the water 
evaporates, taking the latent heat from the surrounding air, which is. 
thus cooled down. 

(i) The perspiration coming out of the pores of our skin gets. 
evaporated slowly ; the vapour remains as a sort of enveloping layer 
over the skin. (ii) The wind of a fan removes this layer of vapour ; 
fresh layer quickly takes its place and this produces rapid evaporation. 
This causes removal of heat from the skin and produces cold, (iii) 
When the forehead of a person is sponged with eau-de-cologne, he 
feels refreshed, for the liquid, which contains a large proportion of 
alcohol, evaporates quickly and takes away much of the local beat. 
(iv) The same purpose is partially effected by supplying a piece of wet 
linen on the forehead and then fanning briskly. Hung near the doors 
and windows of a room, a wet khus khus sereen or a moist and coarse 
canvas screen keeps it cool. As the water evaporates, the latent 
heat is taken from the air in the room, which thereby gets cooled. 
(v) Put some water on a block of wood and in the water place a beaker 
Containing some ether. Blow air through the ether which gets: 
quickly evaporated, Rapid cooling is produced, whereby the water on 

` the wood may ultimately freeze. 

Leslie's Experiment—Under the receiver of an air pump are 
placed a small shallow metallic dish containing some water and a 
vessel containing strong sulphuric acid. As the pump works, the: 
Pressure inside falla; also some of the vapour formed is removed by 
the pump and the rest is absorbed by sulphuric acid. This produces 
a very rapid evaporation, whereby temperature of the water falls 
down quickly so that athin layer of ice appears on the surface of the 
water. Contained under pressure in a vessel, liquid carbon dioxide 
is allowed to escape through a fine jet inside a closed wooden box; 
the rapid evaporation of the liquid, that comes out cools it to such an 
extent that it solidifies. d 


^Y SR ^ 
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Wollaston's Cryophorus—It consists ofa long bent glass tube 
which has a bulb at each end (Fig. 52) 
and it contains a little water and water 
vapour, but no air. To start with all the 
water is transferred into one of the 
bulbs (say B) and the bulb A is kept 
inside a freezing mixture. As the vapour ` 
in A condenses, the pressure inside 

; 77 falls and rapid evaporation of the water 
Fig. 52 in B takes place. The water in B 
is thus gradually cooled. 


On holding any bulb with plam itis slightly warmed and even 
at the room temperature the liquid shows boiling under diminished 
pressure. The lowering of temperature caused by rapid evaporation 
ofammonia is utilised in Cold Storage wherein meat and other 
perishable foodstuffs are stored in warm climates. In refrigerating 
machines the same principle is utilised. 

73. Ice Machine—This is used for the manufacture of ice on a 
large scale. The essential parts of the machine are (Fig. 53) *— 


(1) A tank T filled with a strong solution of brine or of calcium 
chloride, MANC ; 

(2) Tube Cosls —Liquefied ammonia or earbon dioxide is contained 
in coils of copper tube immersed horizontally within the solution, 
The circles in this tank indicate transverse section of the coils, These 
coils are called the evaporator coils. — 

(3) Ice-cans (C, C)—These contain water to be frozen. 

(4) A pump (P)—This ie a combined exhaust and compression 
pump and ied electrically. Is is eonnected to one side directly 


with the evaporator coils, 


(8) A condensing 
coil (A)—The pump 
P is connected to the 
other side with the 
eondensing coil A 
and the regulating 
valve V. 

(6) Pressure gauges 
L and H—tThe for- 
mor is to measure low 


pressure and the 
latter for high. 


Action— When the 
pump P works as 


naf Fig, 53—A common Toe-Machino 


i i i high pressure 
a compression pump, it forces gaseous ammonia under & ] a 

of shows 155 pis per square inch into the condenser in A yb 
is kept cool by a constant flow of water over its surface. The 


Pt. 1/H.—8 
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ammonia thus gets liquefied and is allowed to pass slowly through the 
valve Y into the evaporator coils, The pump P now works as an 
exhaust pump, and asborbing the latent heat from the brine, the ~ 
liquid ammonia in the evaporator coils evaporates very rapidly. The — 
evaporated gas is then compressed again into the condenser coil and is d 
again liquefied under the influence of cold bath. The liquid 
ammonia passes into the evaporator coil and is treated as before, The 
evaporated ammonia is pumped out so quickly that the pressure 
inside the coil does not exceed 34 pounds per square inch. The brine 
is thus continuously cooled and is brought down to the temperature 
of about—16°H, so that the water in the cans O, O gets frozen into 
blocks of ice. 

74. Cold caused by Expansion of a gas—When a compressed — 
gas is allowed to expand through a narrow orifice, the gas has todo 
work against the molecular attraction. The energy necessary for this . 
is taken from the gas which is thereby cooled. ihis iscalled the Joule- 
Thomson Effect. If the carbon dioxide stored under great pressure, 
is allowed to escape through a narrow opening into a vessel 
open to the atmosphere, intense cooling is produced whereby the 
carbonic acid may be solidified. The principle of cooling by expansion 
is utilised in the modern method of liquefying air and other gases. 

Liquefaction of Air—(Linde's Method)—The essential parts of the 
machine are (Fig 54) :— 

(1) a powerful pump P acting as a eompressor. (2) a cooler 
R which in s cylindrical vessel containing cold water in which 
pipes conveying the compressed air are placed and (3) double- 
walled coil S provided with an inner tube S, is placed surrounded by a 
non-conducting material within a box and has at its lower enda 
small needle valve V. t j 

Action—The air is at first freed. completely from CO by being 
slowly drawn through a series of line towers (not shown in Fig. 53). 
By the pump P this air is j 
then pumped to a pressure of. — 
nearly 200 atmospheres. AS 
the airis thus again heated, 
it is cooled by being passed 
through the cooler R. The 
gas under high pressure may 
be cooled to—4°O with the 
help of ammonia refrigerating 
machine. The cold compressed 
air then passes down the inner 
tube S of the double-walled 
coil and escapes through the 
valve V. As . the air suddenly 
expands, its pressure falls,to 
about 16 atmospheres uw. 
Eas S : . ` temperature records a cons} 
erable fall, This cooled air returns Cen the space between the 
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two tubes and thus cools the air moving through 8 towards the valve 
V. Hence as the pump is worked, the temperature of liquefaction’ 
is reached, The critical temperature for oxygen is—118 81"C. The 
liquid air collects’ in'& vessel attached below the valve and can be 
drawn off through the stop-eock ©. The liquid air is stored in Dewar 
vessel which’ is a double-walled glass vessel the intervening space 
being made vacuum: Under a pressure of one atmosphere the boiling‘ 
point of liquid air is —183*0,' By making it boil under reduced 
pressure, a temperature of —217°O (56°K) can be attained. i 


*75, Production of Low. Temperature—By using a. modified 
‘apparatus working on the same principle, hydrogen was liquefied by 
Dewar'in 1891 and then by Travers, ‘The gas was. previously eooled 
to—200°0, and was subjected to a pressure of 290 atmospheres, The 
-critical temperature of hydrogen is—2 9'990 and liquid hydrogen 
bolis at —262'7°C under a pressure of 1 atmosphere. By making it 
boil under a reduced pressure, the liquid can be frozen to a white solid, 


Cooling the gas downto—269°O, #.¢.(4°K),Kemerlingh Onnes lique- 
fied helium in 1908, the critical temperature of the gas being 6 26°K, 
and its boiling point under a pressure of one atmosphere being 4°26°K, 
Onnes could not solidify helium, although in 19/1 he reduced the 
demperature to 0'99°K under a pressure of 0'018 mm. In 1926, 
Dr. Keesom succeeded in partially solidifying helium by subjecting 
it to an enormous pressure of 130 atmospheres and two years later 
by Giauque in 1927 it was pointed out that temperature can be 
lowered by demagnetising magnetised oxygen. In &he case of gadoli- 
nium sulphate the magnitude of the fall was independently calculated 
by Debye in 1926. Gaiuque reached to temperature of 32 “K by using, 
this substance. Afterwards De Hass, Krammers and others succeeded 


in recording a temperature of 0'05°K, 


76. Boiling Point of a liquid—A barometer about a metre: in’ 
leagth is completely filled with pure dry mercury and is inverted over 
a mercury trough (Fig, 55) By means of a bent pipette some quantity: 
of wateris introduced into the tube. The tube isthen jacketted comple- 
tely with a wider glass tube with ends closed by corks, as shown in the 
figure,’ Steam is now introduced into the jacket tube by small tube 
at its upper end and is allowed to eacape through a tube below. With 
rise of temperature the pressure of the water vapour in the tube in- 
creases and the mercury column is gradually depressed. The difference 
‘between the initial height end the ‘height of the mercury column at 
any instant reads the pressure of the water vapour at the oe 
‘ding temperature, Ultimately a steady state is reached. If a e 
‘sufficient water present, the level of mercury inside the tubeis found 
to be the same as that in the trough. At this stage the water Yep ' 
inside is at the temperature of boiling water and the MARA M 
vapour is equal to: the atmospheric pressures So we faye ^ e 
vapour pressure of water atthe boiling point 18 equal to the atmos- 
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Pheric pressure. Hence the boiling point of a liquid may be defined, LH | 
Q5 the temperature at which the saturated vapour pressure of the liquid | 
ts equal to the pressure above its surface, ! 

Hence so long as the vapour pressure is less 
than the pressure on the Surface, the liquid would 
continue bo evaporate and when the two pressures 
are equal, the liquid would boil. The standard boiling 
point of a liquid is referred to under formal atmos- 
pherio pressure. Thus the assertion that the boiling 
point of water is 100°C means that ab 100?0 the 
pressure of water vapour is equal to the normal atmospheric 
pressure, ¢.¢., a pressure of T6 cm, of mercury. 

77. Effect of Pressure on the Boiling Point— 
The very definition of boiling point suggests that a 
liquid would boil at a lower temperature ifthe pressure 
on its surface is decreased, and at a higher temperature if 
this pressure is increased. 

(a) Boiling under Diminished Pressure—This 
may be demonstrated by the following experiment. 
i). Boil some water in a beaker and place it quickly 
under the receiver of an air pump, Wait till the | 
boiling ceases and &hen work the pump vigorously. Fig 55 
The water is found to be boiling again. The explanation ig that the 
vapour pressure at the decreased temperature is less; so when by 
working the pump the pressure on the surface ofthe liquid isreducedio 
a value equal to the vapour pressure at the time, boiling recommences. 

(i) Franklin's Experiment— Take a strong round-bottomed flask 
and fill is to about a half with water. Boil water for some time $0 at 
to expel all the air by the steam. Remove the burner and immediately 
eork up the flask tightly. Support it inverted on the ring of a retort 
stand (Fig, 56). Wait till the boiling ceases. The space above the 
* water is now filled with saturated vapour at a fairly high temperaturer 
which produces the Pressure on the water surface. Now pour & 
stream of cold water on the flask ; the water within the flask is seem 
to boil again, although the temperature has fallen: 
below the normal boiling point. So long as the 
water in the flask remains sufficiently warm, 
the addition of fresh water starts the boiling agains 
The process can be repeated several times, the 
boiling taking place each time at a lower temperature. 

Explanation—On cooling, some of the vapour 
contained within the flask is condensed, The press 
ure on the surface of the water is thereby reduced. 
Although much below the normal boiling point, the 
temperature of the water stands at about the boiling 
point corresponding to the reduced pressure. 90 
nd continues until the space above is: saturated with 
Vapour, and at this lower temperature the vapour pressue becomes 
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equal to the saturated pressure. The pouring of more water causes 
further condensation which starts the boiling again. 


(b) Boiling under  Inereased Pressure—This may be de- 
monstrated by è 


Papin’s Digester—This instrument consists of a strong metal 
vessel which is suitably closed by a lid and fitted with a pressure gauge 
and safety valve, The pressure gauge indicates the pressure of the 
steam within the vessel while the valve controls the pressure of the 
steam. The valve automatically opens when the pressure exceeds & 
certain limit and allows the excess steam to escape. A thermometer 
is inserted through the lid. 


When the vessel is heated, the vapour accumulates inside and the 
pressure due to this vapour on the surface of water increases. Water, 
therefore, does not boil till a temperture is reached at which the 
maximum vapour pressure is equal to the pressure on the surface, 
It is found that water boils at about 120°C when the pressure on 
iis surface is increased. to 2 atmospheres, and at 200°C under a 
pressure of 15 atmospheres, : 


78. Regnaults Experiments—To find the saturated vapour 
pressure of water at various temperatures (from 50°C to about 230°C) 
Regnault devised an apparatus whereby the variation of the boiling 
point ofa liquid with pressure, greater as well as less than one 
atmosphere, could be determined. Liquid is known to boil when its 
saturated vapour pressure is equal to the super-incumbent pressure, 
Hence by knowing the variation of the saturated vapour pressure with 
temperature, the variation of the boiling point of liquid with the 
pressure on its surface can be found. 


The liquid is contained in an air-tight copper boiler B (Fig. 57) 
the upper part of which is connected through a Liebig's condenser 
O with a large round-bottomed flssk E. The flask is kept immer- 
sed in a bath of constant temperature. This pressure of the air within 
it can be increased or decreased by a pump and can be measured by 
an open U-tube mereury manometer M. .A sensitive thermometer 
is introduced through the lid of the boiler B so as to read the tem- 


perature at which the liquid boils. 


By aid of the exhaust pump the pressure of the enclosed sir is at 
first reduced toa certain value. Then as the liquid within the boiler is 
heated, the vapour formed, in trying to escape through the condenser, 
comes in contact with-cold walls,condenses into liquid and comes back 


into B, After some time the liquid is. found to boil and the tempera- 
ture is noted. The pressure of the vapour at this temperature, which 
is equal to that of the sir in E, is obtained from the manometer, By 
the pressure inside is then inereased 
The temperature of the 
en the liquid boils at 


means of a condensing pump | 
to a certain value above one atmosphere, 
liquid is found to rise and become steady wh 
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t 


some higher temperature. The pressure is increased in successive steps; 
the corresponding boiling point is noted in each case and is found to 
increase. As the saturated vapour f^ 9 
pressure of a liquid at its boiling 
point is equalto the super-incum- 
bent pressure, this method gives 
the boiling point of tho liquid 
under various pressures. The 
method also gives the saturated 
Vapour pressure of the liquid as 
given by the manometer at vari- 
ous temperatures. By this method Fig. 57 
Regnault was able to find the vw i 
saturated vapour pressure of waterof from ! 0? C to 930?C. the value at 
the latter temperature being 27°56 atmospheres, Thus by knowing 
the boiling point of water, the corresponding vapour pressure i$ 
known from Regnault's table. 

Evidently any variation in the atmospheric pressure changes the 
boiling point of the liquid. Thus at sea-level, where the atmospherie 
pressure is maximum, the boiling point also attains the highest value. 
At higher altitudes the atmospheric pressure decreases and so the 
boiling point comes down. The boiling point of water at the top of 
à mountain is, therefore, less than 100°C. Thus, at Darjeeling (6800 


feet above the sea-level) water boils at about 94°O, At Quito, which — 


is the highest city in the world (9520 feet above the sea-level) water 


boils at 90°C. At very high altitudes, therefore, it would be ` 
impossible to cook food properly in open vessel. This difficulty can be — 


avoided by taking closed vessels in which the vapour, that is formed 
sutomatically, increases the Pressure on the surface of the water and 
hence the boiling pofnt rises. The boiling point of water is found 
io decrease by 1°C as the pressure falls by about 26:1 mm, Hence 
in determining the upper fixed point of a thermometer the atmos- 
pheric pressure at the time is to be carefully noted and a correction, if 
necessary, is to be made for the variation of the boiling point of water. 

. The following Table supplies the variation of Boiling Point of 
Water with Pressure,— 


Boiling Point of Water at Specified Pressures 


Pressure Boiling Pressure Boiling ; 

(in mm.) point (in mm,) point t 

(in *Q) (in °C) 2 
a ee Bá : 


; 


750 99°63 764 100°15 j 
752 99'70 766 100:22 s^ 
dius | 756 ^ 99°85. 768 10029 urs 
T ` 758 99:93 770 100‘87 pie 
VCI MR UNT RED (5) 10000 712 10044 ) 0078 
: 162 10007 | 774 ' 10051 pil 3 


| 
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19. Measurement of Saturated Vapour Pressure of Water— 
The maximum vapour pressure of water at various temperatures can 
be determined in the following way * 

(a) For ordinary temperature (between 0°C and 100°C): by 
Regnault's Method—Two barometer tubes ere completely filled with 
pure mercury and are inverted over a mercury trough. They are jacket- 
ted (as shown in Fig. 50) by a wider glass tube, reching almost up to 
the mercury surfaee in the trough. Into one tube sufficient water 
is introduced so that a thin layer of itis allowed to remain on the 
surface of the mercury, while the other tube serves as the barometer. 
The water in the jacket is heated by passing steam into it. The 
temperature is noted by & thermometer, while the pressure of the 
saturated vapour is obtained directly from the difference of the 
mercury levels in the two tubes. i 

(b) For low temperature (below 0°C) : by Gay-Lussac’s Apparatus 
— The tube, in which water is to be introduced, is bent over at the 
upper end. The bent portion, which generally ends ina bulb, 
contains the liquid and in order to lower the temperature to the 
required extent, it is surrounded by a freezing mixture. The other 
tube reads the atmospheric pressure and the difference of mercury 
levels determines the vapour pressure directly. 

(c) For higher temperature (above 190°C)—For this purpose 
Regnault’s apparatus (as shown in Fig, 57)is used and the usual 
procedure is followed. 

Ramsay and Young's Experiment—For studying low vapour 
pressure of liquids Ramsay and Young modified | Regnault 8 
apparatus. Their apparatus consists of a wide glass tube A provided 
with a side tube B which is connected to a large glass bulb C (Fig 
58). This bulb can be immersed in s freezing mixtureand ects as an air 
The outlet pipe from O is connected to a T-piece D—one 
d the other to a manometer M. The 

thermometer Tanda tap funnel f 
meant to introduce the liquid under 
test are inserted air-tight into the 
tube A. To the bulb of the thermo- 
meter is fastened some cotton wool. 
The tube is placed in a water 
bath (not shown in the figure) and 
the temperature is kept sufficiently 
high. Through the tap funnel and 
into the tube is introduced the 
liquid which moistens the cotton 
wool. Due to the temperature the 
» liquid evaporates and soon the space 
Ei ant ^ around the temperature bulb is 
saturated with the vapour. The temperature now shows a steady 
value, which corresponds to the boiling point temperature of the 
liquid at a pressure maintained by the pump. This pressure is, 
however, recorded by the manometers ; By altering with the help of 


g 


reservoir. 
end E leading to an air pump, an 
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the pump the Pressure within the apparatus and taking the corre, 
ponding thermometer readings, series of measurements of the boiling 
points, corresponding to Various pressures, can be obtained. So as 
to maintain & constancy of pressure during Observation, the most 
essential point is to make the whole apparatus air-tight, q 
aws of Ebullition—The following are the observed laws 
under which a liquids boils : j 
4) A liquid boils at the temperature at Which its maximum 
vapour pressure is equal to the pressure on the surface, 


Under a Particular pressure every liquid has a definite boiling - 


point. The boiling point rises or fallsaccording as the super-incumbent 
ro increases or diminishes, 

c 
boil, remains stationary until the whole of the 
liquid is converted into vapour. 


81, Determination of Height by Boiling Points (Hypsometry)— 


» atmosphetic pressure at the lower Station=P, cm. of mercury 
atmosphetic Pressure at upper station = 2 cm. of mercury 
and the temperarures at the two stations =ty, te respectively. 
Then the difference of pressures between the two stations 
=(P:—P.,) em. of mercury. 
Pi+P, 


“e the mean pressure = t gr ib say, 
Also the mean temperature = tta; Say. 


The density of air at N.T.P, = 0:001993 gm. per c.c. If p be the 
mean density at pressure P and temperature f, 
pP 


pressure remains unchanged, the temperature, at which — 
ins to 


s 76 0'0012993x9273 P 
PX(LF273) Qo0I293x373* Whence p-* 76 t+273 
` u the weight of H e.c. of air of mean density P 

= 0001993 x 323 x 981 x HP 
i. eaa e Et ee 
76 t+273 


(v 


Th ded 1,5 Ro ce E ih ws 
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As this is equal to the weight of a column of mercury of unit 
cross-section and of height (P, — P5) em, we readily obtain 
(P,P 41x 18°6 4981 2 ea TEE BE 
76 14-978 


whence in centimetres H a186 X76 tony (P4 = Pse+273)) P,Xt--973) 
273 x 07001293 P y 


#82, Molecular States of Matter—According to the molecular 
theory of matter, & vapour is considered to contain gronps of small 
aggregation of molecules. These groups move about like single 
molecule but with relatively low velocities. With lowering of tempera- 
ture the number of these groups per unit volume increases and 
ultimately they may coalesce into a liquid drop, 

In a liquid there are groups which are composed of a larger num- 
ber of molecules, A molecules in the liquid state, therefore, moves 
with a velocity smaller than that ofa molecule of its vapour at the 
same temperature, In a solid the heavy groups lose even the small 
linear velocity they had in the liquid state andconsequently have fixed 
positions relative to other groups of molecules. They can only 
oscillate over a small distance about their normal positions of rest. 
When the groups are arranged in a regular array, the form of the solid 
is crystalline, and where irregular, it is amorphous, 

Effect of Heat—When a solid is heated, the molecular ‘groups 
take up the heat energy and vibrate more violently about their mean 
positions, The heat supplies the consequent increase in the kinetic 
energy of the molecules. 

With rise in temperature the average energy of vibration of the 
groups goes on increasing, till at a certain temperature some of the 
groups begin to detach themselves from the adjacent groups, break 
"up and form into liquid type molecular groups. Fusion now sets in 
and any further supply of heat energy is utilised in breaking the 
groups. Hence during fusion the temperature remains constant. If 
the body be crystalline, the groups begin to break up at a definite 
temperature which gives & definite melting point of such a solid ; 
‘but in an amorphous state the loosely-held molecules are detached 
at a temperature lower than that of the more regular or more closely 
packed ones and hence in such s substance the melting begins at one 
temperature and completed at some little higher temperature. | 

The energy of motion of some of the groups may occasionslly 
increaseso much that they may overcome the attraction of the 
adjacent molecules and escape from the liquid surface; this explains 
evaporation. As the molecules with the highest kinetic energy 
Jeave the liquid, the mean Kinetic energy of the remaining molecules 
decreases to some extent and so the temperature of the liquid some- 
what fails, This explains the cooling produced by evaporation. 

Evaporation increases with rise of temperature. With further 
supply of heat the gas moleceles increase in energy $0 much that they 
escape as bubbles from the liquid. Boiling begins at this stage. The 
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temperature, at which this Occurs, depends on the nature and 
aggregation of the 888 molecules. Hence for a particular liquid under 
assigned conditions boiling occurs at a definite temperature called ‘the. 
boiling point, 


Any further supply of heat energy is utilised in breaking up the. 
liquid groups into similar gas molecules; the temperature, therefore, 
remains constant at the boiling point solong as boiling continues, The 
kinetic energy of the gaseous molecules is far greater than the kinetie 
energy of the molecules in the liquid groups at the boiling point ; this 
excess of energy, supplied by the heat absorbed while boiling is going 
on; appears at the latent heat of vaporisation. 


If evaporation takes place in a closed space, there would be constant 


the space above and while moving towards the liquid, some of these 
may be caught back into it. The rate of escape of the molecules 
depends on the temperature, while the number of molecules per unit 
volume in the space above the liquid depends on pressure, 


If at firgt the space contains little or no vapour, the number of 
molecules leaving the liquid must exceed the number of molecules re- 
entering the liquid per unit time, But the latter increases relatively 
as the quantity of vapour in the space increases, until finally as many 


ponding change in the number of the molecules : but the pressure 
Opposes the escape of the gas molecules from the liquid. The kinetic 
energy of escpe being supplied in the form of heat, more heat energy 
is now necessary. This explains the rise of the boiling point under 


9ncreased pressure, 


Tt stands to reason, therefore, that a liquid contains a small 
Portion of the free gas molecules, whereas a gas. contains a smaller 
number of liquid type group molecules. The critical temperature 
may be defined as the temperature at which a liquid and its vapour can 
simultaneously exist in all Proportions, 


EXERCISES ON OHAPTER VI 


Reference 
Art. 61 l. Two bits of the los being pressed together from one mans. 
Explain, ^o (V. U.—1955 ; C. U.—1958, '60) 
Art, 61 2. Write a short note on regelation, 
Bera (V, U.—1954) 
Arta, 8. How can you demonstrate that pressuro changes the 
61&72 .... melting of a body and that evaporation produces cold ? 


(Utkal. U.—1962) 


ya 


CHANGE OF STATE 


4. Write short notes on freezing mixtures and ice-making 
machine. 


B. State the laws of fusion of & substance, 
(Mad. U.—1959, '71) 


6. Distinguish between boiling and evaporation. What 
condition determines whether a liquid will boil or evaporate ? 
(Gau. U.—1965 ; O. U.—1950; P. U.—1961 ; 

Dac, U.—1957 ; Pat. U.— 1951, '64. '72) 


T. Define boiling point of liquid, Describe carefully how 
the maximum tension of aqueous vapour is determined for 


temperatures below and above the normal boiling point. 
(Gau. U,—1967 ; Del. U —1968) 


8. What are the points of distinction between evaporation 
and ebullition ? Define vapour tension of s liquid, 


A glass cylinder is provided with &n air-tight piston and 
contains inside some saturated water vapour at 90°C, State 
and explain what will happen when (a) the temperature is 
raised to 3070, the piston remaining in position; (b) the 
temperature is lowered to 10'0,the volume remaining un- 
altered ; (c) the piston is raised up, the temperature baing kept 
constant ; and (d) the piston is lowered down, the temperature 
being unaltered. (Utkal, U.—1969) 


9. Write a note on the behaviour of vapour towards 


Boyle’s and Oharle's laws of gases. { (Raj. 'U,—1909) 
10. State and explain the various factors that influence 
the rate of evaporation of water. (Mad. U.—1970) 


11. Explain saturation vapour diner of a liquid. 


300 o.c., and a pressure of 116'6cm. when its volume is 125 c.c., 
tha temperature remaining constant. Calenlate the pressure 
exerted by the vapour. 

Ans, 90mm. 

13, Over water a gas is collected in 100 c.c. tube and 
messures 72'8 o,o.; the temperature and the pressure of the 
atmosphere at the time are 95°O and 74°39 cm. respectively. 
Calculate the volume of the dry gas at N. T. P. (The vapour 
pressure of water at 95°O is 2349 mm. and the density of 
mercury is 13'6 gm. pêr c.c.) 


Ans, 61'516.c, 
14. Distinguish between saturated and unsaturated 


vapours. (Del. H. B.—1984; Pat. U.—1961. 74; Q. U.—1961, 
Gau, U.—1952. Utkal U.—1964 ; Nag. -U.—1964 ; 
E. P. U.—1950, 72 ; Ls Lern 
. d explain Dalton’s law of partlal pressure, 
15. Enunciate and explain (Pat. o P1910) 


16. (a) Why is it unwise io sitina draught with yot 
clothes a adi (o. MT. d D 
b) Explain why earthen warepo eep wate 
than metal pote. à r aye (V. U.—1955) 

17. Explain why the lending ofa thermometer is altered 
when te a wot rag round its bulb. (C. U.—1948) 


18. laston’s oryophorus, 
8. Write a note on Wollasio yop (Pat. U.—1966) 
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Reference 
Arts. 

62 & 72 

Art, 63° 


Art. 64 


Arts. 
64&T 


Arst. 64, 
66 & 68- 


Arts. 
66 & 68 
Art. 65 


Art. 66 


Arta, 
67 & 608 


Arts. 
66 & 69 


Art, 69° 


Art, 70° 


Art, 72° 


Art, 72 
Art, 72° 


124 


Reference 
Art. 73 


Arts. 
"76 & 78 


Art. 77 


Art. 76 


Arts, 
716 & 78 


Art. 77 


Arts. 
78 & 80 


Art. 79, 


Art. 76 


Art. 79 


Art. 79 
lärt, 81 
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19. Explain the principle, construction and working of an 
ice plant, (Raj. U.—1963 ; E. P, U.—1972) 


20. Define boiling point of a liquid. Deseribe suitable ex- 
periments to show that water can be made to boil at temperatures 
greater or less than 100*C. 


At Darjeeling the barometric height is on average 23 inehes. 
Tf there is a change of '04*O in the boiling point of water fora 
change of 1 mm. of Hg. at what lemperature will water boil 
there ? (Dac. U.— 1969) 
Ans, 92°97°C. 


21. Write a short note on Papin's digester. 
(E. P. U.—1963 ; Pat, U.—1965) 


22. Describe an experiment to show that the vapour pressure 
ofa liquid exposed to air at its boiling point is equal te the 
atmospheric pressure. (Gan. U.—1968) 

23. Define boiling point of a liquid. Describe suitable 
experiments to show that water can be made to boil at temperature 
greater or less than 100°C, 

(P. U.—1962 ; C. U.—1951, '66;. Pat. U.—1969) 


24. A flask is half-filled with water and heated till the water 
boils. After a short time when the upper part of the flask is filled 
with steam, it is well-corked and inverted. Oold water is now 
Poured over the flask. What will happen ? Why ? 

(0. U.—1958; V, U.—1954) 

25. State the laws of boiling. How isit that things eannot 
be cooked properly on high montains ? How can water be made to 
boil at any temperature above 100°C ? 

( Pat, U.—1965 : Del.U .—1963) 


26, Describe Ramsay and Young’s apparatus and explain 
how it is used for measuring saturation vapour pressures at 
various temperature. (Nag. U.—1964) 


27. Describe an accurate method of determining the pressure 
of saturated vapour at different temperatures. 


The pressure of the saturated vapour of water at 50°C is 92 em. 
ef mercury and it is found that under a pressure of 9'2 om. of 
mercury watr boils at 50°C, Explain fully the relation expressed 
in the statesment. (Utkal. U.—1964) 


28. How would yon determine the maximum pressure of 

aqueous vapour batween 0°O and 100°C » 
(Utkal U.—1964 ; Pat. U.—1967 ; C. U.—1957 ; Dac. U.—1951; 
Gau, U.—1952; Mad. U.—1959) 


29. Describe how you will measure the saturated "n 
pressure of water at the rocm temperature. (C. U.—19 


90. Explain how you are/able to determine (approximately) 
the height ofa mountain by finding the boiling points of beni 
at its top and bottom. (C. U.—1955 | Pat. U,— 19 


91. What is the fundamental difference between a solid 
anda liquid ? Paraffin wax is said to be a soft solid, and sealing 
wax a viscous fluid. In: what does the distinction beiween the 
two consist ? (Gau. U.—1965) 


CHAPTER VII 
HYGROMETRY 


83. Water Vapour in the Atmosphere—As evaporation conti- 
nuously goes on from all water surfaces (such as those of seas, rivers, 
lakes, etc), there is always some aqueous vapour present in the atmos- 
phere. The exterior of a tumbler containing iced water gets moistaftor 
some time, This is due to the condensation of water vapour of the 
atmosphere on the tumbler. The formation of dew, mist, cloud, rain, 
etc., also indicates the presence of water vapour in the atmosphere. 
The study and measurement of the quantity of aqueous vapour in the 
atmosphere is called hygrometry, 


84. Dew Point—Air is nob ordinarily saturated with water vapour. 
If moist air in open space is gradually cooled, thepressure of the moist 
air at the region falls bellow that of the neighbouring atmosphere 
which is at the ordinary temperture. Hence moist air from surroun- 
ding places comes up to the space in order to equalise the pressure. 
As the cooling prozeeds, a temperature is ultimately reached, at which 
the moisture accumulated at the region is just sufficient to saturate 
the space, pressure remaining unchanged. The temperature is called 
the dew point. If the temperature is slightly lowered below the dew 
point, some of the vapour is condensed and is deposited as dew, 
Hence the dew point is the temperature at which a given mass of air 
becomes just saturated with the quantity of aqueous vapour actually 
present in ét. Also it follows that the pressure of the aqueons vapour 
actually present in air ab the ordinary temperature is equal to the 
saturated vapour pressure ab the dew point at that time, The 
statement ‘The dew point of the atmosphere is 23°C at some time’, 
means that the amount of water vapour present in a given volume of 
air at that time would just saturate the air at 23 C. 

85. Relative Humidity (or Hygrometric State of the Air)]— 
Humidity gives us information about the smount of aqueous vapour 
present in the atmosphere at some particular time. 

Absolute humidity is defined as the quantity of aqueous vapour 
actually present in a given valume of the atmospheric air. It is usually 
expressed in grammes per cubic metre of air. 

Relative humidity is defined ss the ratio of the mass of aqueous. 
vapour actually present in & given volume of air to the mass of water 
vapour required to saturate the volume at the observed temperature. 
So relative humidity gives &he degree of saturation of the atmosphere 
as regards moisture. Tt is, therefore, termed the hygrometric state 
or fraction of saturation of the air. 

Hence relative humidity 
__ massofaqueous vapour actually present inagivenvolumeof airatt°O 
~ mass of aqueous vapourrequiredto saturate the same volume at ¢°O, 
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But since unsaturated vapour present in a given volume of air 
‘obeys Boyle's Law, the pressure exerted by the vapour is nearly 
proportional to the mass of the vapour present. So the ratio 
between the two masses of vaponr may be taken to equal the ratio of 
the corresponding vapour pressures. Hence relative humidity may 
be alternatively defined as the ratio of the pressure of the aqueous 
vapour actually present in the atmoshpere to the saturated vapour 
pressure at the temperature of the air, That is to say, 

Relative Humidity 

— pressure of aqueous vapour actually present in eir at i^O 

pressure of aqueous vapour required to saturate the air at ¢°C. 


— Saturated vapour pressure at the dew point at the time 
saturated vapour pressure at the temperature of the air 
Relative humidity 18, however,generally expressed as the percentage 
saturation of air. In this case it is expressed as a ratio, viz., 
saturated vapour pressure at dew point _ X 100 per cent, 
saturated vapour pressure at air temperature ) 
Let the saturated vapour at the dew point be f and that at the 
temperature of air be F, we thus write : 


Relative humidity =( 100 x 4) per cent. 


The feeling of dampness or dryness of air depends on the relative 
humidity. It does not, therefore, depend on the absolute quantity 
of water vapour actually present or on the quantity necessary to 
saturate the air under given conditions ; but what it depends on is the 
ratio of the former quantity to the latter. Thus on a misty winter day 
the quantity of vapour in a given volume of air may be less than that 
on a hot summer day when the air appears to be dry. This is so 
because the amount of aqueous vapour present on the latter occasion 
is a smaller fraction of amount necessary to saturate the space. 

Again, the lower is the value of the relative humidity. the more 
rapid isthe evaporation ; hence the dampness or dryness of the air 
is judged by the rate of evaporation at the time, A very moist day in 
summer feels much more uncomfortable than a dry day. Since in the 
former ease the atmosphere is nearly saturated with water vapour 
producing a stuffy sensation, When the relative humidity is low, the 
atmosphere consumes the water yapour more rapidly. It is for this 
reason that in our country a damp cloth dries more rapidly in winter 
than in summer, 

. To forecast weather relative humidity is determined from day to 
‘day at meteorological stations. When the relative humidity is high we 
may expect rain. Wor safe navigation a knowledge of the actual 
atmospheric condition and a forecast for immediate future are essentia. 
now-a-days to pilots of aeroplanes. Information about ‘relative 
humidity is necessary, for the Public Health Department, as germs 
ofcertrin diseases multiply well in moist atmosphere, For the growth 
‘of plants, supply of moisture ia to be regulated in hot houses. The 
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knowledge is also of importance for textile industries, In spinning 
rooms elaborate arrangements are made to maintain artificially a 
uniform degree of dampness. At the cold storage of meat and fruit, in 
the holds of ship and also in artificial seasoning of timbers a success- 
ful control of humidity is needed. ` 


Hygrometers (Gr. hygros, wet ; metron. a measure) are instru- 
ments for determining the humidity of the air at any particular time 
and place. According to the principles upon which they work hygro- 
meters are divided into four classes :— 


(1) Dew point Hygrometer, (2) Chemical Hygrometer, 
(3) Wet and Dry Bulb Hygrometer, and (4) Hair Hygrometer. 


86. Dew point Hygrometers (Condensation Hygrometer)—One 
-of these instruments directly determines the dew point. The ratio 
of the saturated vapour pressure at the dew point to that at the 
atmospheric temperature gives the relative humidity. 


Daniell's Hygrometer—It consists of two glass bulb A.snd B 
(Fig. 59 which is connected by a glass tube bent twice at right angles 
‘and mounted on a vervical stand so that the bulbs project downwards. 
The instrument contains only ether and ether vapour, all the air 
having been removed before the apparatus is finally sealed In order to 
observe clearly the deposition of any dew on the surface of the bulb A, 
‘either it is blackened from inside or else a gilt band is fastened over 
the surface near the middle. Mounted inside A, 
there is placed a sensitive thermometer T. The 
thermometer T, mounted on the stem of the 
‘instrument gives temperature of the outside. 

In using this instrument all the ether is 
at first transferred into the bulb A by tilting 
the apparatus and piece of muslin or linen 
is wrapped round B. Ether is: then poured 
drop by drop on the linen. As the ether 4( 
‘evaporates, it takes the necessary heat from the a i 
‘bulb B and cools it rapidly. Consequently the «x et DERE 
ether vapour in B is condensed ; this causes a Fig 59— Daniell's 
rapid evaporation, of the ether in A. The tem- Hygromoeter 
perature of this ether, and hence that of the "HUNE 
bulb A, graduallydecreases so long asthe linen iskeptmoist with ether. 
Also the mass of the air surrounding the bulb A falls in temperature 
and ultimately.a thin film of dew forms on the bulb; this makes the 
‘surface of A appear dull, The temperature, at which the dew just 
appears, is. read from T. . The spilling of ether is discontinued and 
the linen is allowed to dry up, The bulb A warms up end the tempe- 
rature, at which the dew just disappears, is noted. The mean of these 
‘wo temperatures is taken as the dew point at the time. Observation 

. should be made either by a telescope or through an intervening plate 
:of glass, in order that the heat of the body of the observer or his 
breath might not distrurb the deposit of dew on the instrument. 
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|^ the saturation pressure at the dew point =(7°5-+'03)=7'53 mm, qi 
f I T53 s i 
Thus the required R. n.- (7) 100 y 67:196. E 
afi 
*88. Chemical Hygrometer  ( Absorption Hygrometir )—The 
mass of water vapour present in a given volume of air can be directly | 
determined by this hygrometer and so the absolute humidity can be 
found by this process. The pressure of the vapour is calculated and 
the relative humidity also is determined. 


The apparatus consists of a large aspirator ( Fig. 61 ) filled with 
water and connected with a system of U-tubes through the ‘trap | 
bottle. The'U-tubes contain either lumps of freshly fused calcium | 
chloride or else pieces of pumice stone soaked in strong sulphuric acid, | 
whereas the trap bottle contains strong sulphuric acid. Shom | 
pieces of India ‘rubber tubing make all the connections air-tight, | 
Together with their contents the drying U-tubes are carefully weighed — 
before the experiment is started. 


The aspirator is opened whereupon water escapes and sir is sucked - 
through the system of U-tubes, The moisture of the air is absorbed 
by the drying tubes, while any moisture rising from the water in the 
aspirator is absorbed in the ‘trap’ bottle. The experiment being 
carried on for some time, the aspirator is closed and the drying tubes 
are disconnected and woighed again. The increase in the weight gives 


ASPIRATOR 
` Fig. 61—Ohemical Hygrometer Wi 
the mass of aqueous vapour present in the volume of air drawn in; 
this equals the volume of water that has flown out. But the sir 
becomes Saturated with moisture when it comes in contact with water 
within the aspirator. The temperatures of the air outside and inside 
the aspirator are noted. j 


vi Let the mass of the aqueous vapour absorbed be =m gm. - L 


^» volume of the air drawn in =V e. e. à 
^» temperature of air inside =1°0, at 
» Pressure of aqueous vapour =f mm, of mercury . 


» atmospheric pressure at the time =H, 
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Since the density of aqueous vapour relative to air is 0622 and 
the density of dry air at N.T.P. is 0001293 gm. per c.c., we find that : 
the density of aq. vapour at N.T.P.=(0°622 X 0001293) gm, per c.c. 

Let the density of aqueous vapour at pressure f and temperature 
i be—d gm. per c. e. L 


; uu 760 
From Boyle's Law. gy a3) — 0001298 X 0632 X 278 
[0001293 x 0628 x 973. 
whence d 1600 F213) (...88.1) 


As d=m/V, it can be obtained from the experiment, Hence f, the 
pressure of the vapour actually present, is known from egn, (88'1) and 
is given by 1 j 

780. - 
md d = 834604 (t+273 f 
J= Somax saa xana 2199 mm Magi d 

If as found from Regnault's Tables, tho saturated vapour pressure 

at tO be F then: 


ivo Hamia ae dre Lo L DONNE (0 m a: 20) 
Relative Humidity F (0001998 x 0622x 973 ^ VE 
m 3460m(t-+278) i ...(88'2) 


VE 


To obtain the relative humidity as percentage, the above expression 
is tobe multiplied by 100, To fnd the absolute humidity take the 
ratio of m and T/1000000.. Thus the ratio gives the amount of water 
(in gm.) present in a cubice metre of air. 

It is to be noted that the temperature of the air outside may be 
different from that of air inside the aspirator. Also the atmospheric 
air is generally unsaturated, while that within the aspirator gets 
saturated. So the pressure of the vapour, and hence that of the dry 
air, inside or outside, would not be the same. But as the 
differences mentioned are very small, they are not generally taken 
account of, 


Example ¢ i 
°C was drawn in through a chemical hygrometer and 
11:29 gm. of water was deposited in the tubes. What is the ‘Spat sg of m 
air? Themaximum. pressure of water vapour at 2570 is 93°52 mm. cf res X 
Litre of dry air at N. T. P. is 1'293 gm. The density of water ni t. oe 
mere in th sack a “that f 

Ans. Since in moist air'the volume of ‘water vapourjm She o! 
dry air, we inh assume thata cubio metre of water vapour at 25°C has a mass of 


11°29 gm. So at25°C tho density p of water vapour is given by 


p= DE molo. —11:22x 10-* gm.[c.o. 
jf 93°52 mm, Again 

At 25°C thi ter vapour has a saturation pressure of g 
the mass of 1 b P A ka at N. T, P 2001298 gm. Honce the mass of 1 c.c, 
of water vapour at N.T. P. = (7001298 x 625) gm. which is its density, To find 


A oubic metre of air of 25 
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tho actual pressure fof water vapour at 25°C we apply Charles’ and Boyle 
in tho following equation : 
( (OO MT TRE TT a NN 
; 1122 107* x (254273) . 001998 x '695 x 278' 
160 x 11°29 x 107* x 298 
whence f= 001998 05x3 
Now at 25*0 the saturation pressure F of water vapour=23'52 mm, 
h H. ta 160x 11'22 x 107* x 298 
nm. tbe BH. 100 xg = 100 35 Fax 001306 x 935 x 978 


i Below we proceed to calculate by Log-Table ; 


log 760 =28808 | log ‘00129; =3'1116 
log 1122 =1'0500 | log 625 =1'7959 


log; 10-* —60000 |log 973. =2'4362 

log 228 =2'4742 | log 2352 =1°3715 

aho 07152 
log 100 __=2'0000 
24050 


Hence the R. H.=48'97 


89, The Wet and Dry Bulb Hygrome! 
(Psychrometer or Manson's Hygrometer)—It consist 
two exactly similar mereury thermometers 1 
mounted vertically side by side on the same $ 
with their bulbs freely exposed to sir. One th 
meter gives the temperature of the sir; the bw 
the other is. covered with muslin, which is kept! 
nuously moistened with water by means of a@ 
wick dipped into water which is kept in 
attached vessel. 


As water evaporates from the muslin, the temp 
ture indicated by the wet bulb thermometer is ] 
than that of the dry bulbone. The difference 
readings depends on the hygrometric state of fb 
For example, on a very dry day evaporation 
: Very. rapid and so the difference in the Fé 
increases, whereas on a demp day evaporation 
be slow and the difference decreases. If tho | 
phere is already saturated, no evaporation tek 
and the two thermometers record the same readin 


The relative humidity can be determined by 
ing:the dew point with help of Glaisber's factor. 
Let temperatures recorded by the dry and tb 
bulb thermometers be ¢, and t, respoctively. 
ture d» an point ah the reper j 
| Glaisher S formula wo t; ~t= F(t 714 
Fis tho Glsisher's ador. — — 
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Tho dew point is thus found, Tho saturated pressures at i and fa, 
being read off from Rogaault's table, the relative bumidityis ‘calculated. 
Dry Bulb and Wet Bulb Thermometers 


Dry Bulb 
emp (in *O) 


90. Hair Hygrometer —The apperatus consists of a human heir 
fixed ab a point A of the instrument and stretebed over three small 
pulleys B, O and D (rig 69. Then the hair is, wound a ven 
over a revolving small drum E and is finally wed. to the 2 
light spring SF. A poluter P fixed to the dram is movable over 
graduated dial. 1 


With rise in atmóspherls humidity the bair bas » PM 
inereasing continuously in ree ud when wo r 
elongates, thespring draws It As result the dram 
with its attached rotates ; 
over the scale graduated im unite ol: 
relativo humidity, In practios, to 
obtain the required tension a strand — , 
of 90 to 80 fibres of hair iv put toge- 
ther. Regarding the behaviour of 
human hair in humidity the f 
pieces of information sre 
from Griffiths investigations. 

With lapse of time the me 
of a hair bygromoter tend give | 
higher readings. ‘This ie probably 
due to tho fect that being alwa 
in tension due to the spring 
hair gets a permanent sat, Th | 
hair should be, however | i 
against any "undue strain, 
time to time the calibration of the 
instrament should ba cheeked, A bair 
of being a direct reading instrament. Tt pe 
below the freezing volabol vitam where neither 

ulb thermometer Can work. ^ T. 

Tho above Tabla suppl thy lemper ofthe: dev bulb with 

the corresponding value of G! , {eetor— 
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,. Example : 


.' „At some hour the readings of a Wet bulb and a Dry bulb hygrometer are 52°F 
and 58°F, Find the humidity, 


Ans. Dry bulb temperature t,=58°F=144°C, and Wet bulb temperatum 
1$—59*F —1117"0. Hence from equ. (891), 14:4 -(— G x 3*8. Now for 14°C, G2190- 
and for 160, G=1'87, Hence from a proportionate calculation it follows that 
G at 14:4°O is=1'91. Thus 144—t=1'91x3'3 or 14°4-t=6'3, Hence, the 
dew point (—81"0. Now from Regnault’s Table of Saturated Vapour, the 
maximum vapour pressure at 8'1°0 is 8°67 mm. and that at 14'4°C is 19mm 


Thus tho relative humidity =( 100x EGT) y 6919. 


91. Mass of the Moist Air —To find the mass of a given volume 

of moist air find (1) the mass of dry air of the same volume at the 

. given temperature and at pressure due to air only and (2) the mass 

an equal volume of aqueous vapour at the temperature and at pressure 

due to the vapour only. Their sum gives the required mass. 1 

Let the temperature of the atmosphere at the time be=#°O, at 

the pressure of the'atmospherie air =P mm. of mercury - 

and the pressure of aqueous vapour actually present =f mm. | » $ 
From Dalton's Law, pressure due to air only=(P—/) ,, TD 
Now the density of dry air at N. T. P. 70001293 gm. 


_ Let the density of dry air at temperature i and pressure (P—f) be 
P gm. per. e.c. 


; ; P-f |  T60 j 
From Charle 8 and Boyle's Laws, P(I--313) 0001293 x 273 
y " : 273 P-f ‘ 
J^. P=Or001s93x 278 ,P—f T 
Nes PITT ET | 

-. the mass (m; gm.) of 1 litre of dry air at pressure (P —f) and 
temperature £^Ü is given by ! 


5S i 270 pus 

‘ Saline) aged Pate 

Again the density of aqueous vapour with respect to air=0'622 

|. end the pressure dus to aqueous vapour alone—f. i: 
|. the mass (ma gm.) of 1 litre of aqueous vapour at pressures 
_ and temperatüre / is given by n 
m,-1998x099x 73 y f. i 
à i218" 760 i 
the mass of one litre moist air at the 


{a D " à eit 
rmx EXPO erg x ora 279. x f i 


time= mitme aise 


+213 C318 760° 00 
ioii ala AL AENA M 
. =1'298x arg geo% (P —/--0 62x /) he. 
Ads oup. -273 |. P—0'378xf : mm 
£v (1993 x VESTE. yi LER expressed ingrammes — 4j : 
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Example $ 


1. Ona certain day the temperature of air is 93°C and the relative humidity is 
60%. What fraction of the mass of the water vapour in the air wonld condense, 
if the temperature decreases to 10°C? (Saturated pressure of water vapour at 23°0 
is 21°1 mm. and at 1070 it is 9'2 mm.), 

Ans, Let the mass of water vapour present in given volume be m gm. 


Now rdatvi hontaly | a ee 
mass of vapour reqd. to saturate 1 


8 
5 
the mass of aqueous vapour required to saturate at 28°C is=mx Fu 


A rain mass of water vapour required to saturate at 10°C 
*ynass of water vapour required to saturate at 28"0 
saturated pressure at 10°C . 92 
saturated prossureat 290 21'1" i 
.*, the masè of aqueous vapour required to saturate at 10"0 is= a xem 


$ =0°73 x ms ) 
27 
.'. the required fraction of condensation =1-"73=0'27 — 0c 


2. Find the mass ofa litre of moist air at 80°C when the barometer reads, 
758°6 mm. and the dew point is 1610. At 16'1*0 the maximum pressure of water 
vapour=13'6 mm. of mercury, j fer 

j Ans. Pressure dueto water vapour only=13'6 mm. of meroury. 
... Pressure due to dry air alone =(758'6— 18:6) mm. =745 mm. » 
Now mass of 1 litre of dry air at 30°C and 768'6 mm j 
— mass of 1 litre of dry air at 80°0 Ms pde 745 RA di 
-- mass of 1 litre of water vapour 8 and at pressure " 
Now s Y aot of 1 litre of dry air at 30°C and 745. mm, when reduced 
to N. T. P. < 


=(1+ 2B x TAB) sites, | a 
80+273 760 m 
‘Also when reduced to N. T, P. the volume of 1 litre of aqueous vapour ati 
and 13:6 mm. d PN. 1 
i 1908. Hu ) litres. 
- (1x ss T60 
973,745) oon, eT > 
the mass of dry ate (11299x aox 1) gm.-11419 gm 
278 18 e) gm, 


(1298x «622 x 273 X 190 


and the mass of aqueous vapour contained = 803 760 


^ 070129 gm. 
` 1 litra of moist air = (11419-00199) gm. =1'1548 gm. 

aeo of water Vapour in the Atmosphere— 
The water vapour given off from various water surfaces rises y^ i 
the atmosphere and remains mixed up with eir in & gaseous form. Á : 

different conditions, under which the condensation of fe at yap n 
takes place, give rise bo the formation of dew, fogs mist cloud, rain, 
t hale in winter, the warm water 


snow, frost or hail, When we ex À 
vapour gets condensed in the colder atmosphere and presents & misty 


appearance. à KIN b in the atmos- 
Dew—Daring day time the water vapour presen 7 
phere sou d Re. game da due to higher temperature and hence the 


presence of water vapour is not directly noticeable, During night the 
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warmth due to the sunis no longer present and the surface of the 
earth aswell as other objects fall in temperature. The layers of air 
very near the surface of earth cool and ultimately become saturated 
with the water vapour contained in it. If the cooling proceeds further, - 
the air can nolonger hold the same amount of water vapour, a 
portion of which is, therefore, depositéd as dew on the surface of the — 
cold bodies. 

Under the following conditions the deposit of dew is more 
copious. (1) There must be a clear sky, as this promotes radiation 
from the earth and objects lying on it; due to this the surface of 
bodies quickly cool and so dew is rapidly formed on them, (9) There 
must be absence of wind, as in this case a particular layer of air may 
remain in contact with the cold objects for a sufficient time to be 
cooled below the dew point. (3) The bodies, on which dew is formed 
are to be (i) good radiators, as they would cool rapidly. and (ii) placed 
close to thé earth. Ifthe object is at a higher level, the air on getting 
slightly cooled due. to contact sinks down and a warmer layer from 
above comes to its place. The result is that no layer of air, which 
Comes in contact with the body, is sufficiently cooled to deposit its 
Vapour as dew. For this reason dew is formed mostly on blades of 
grass and scarcely on leaves of trees. 


Fog : Mist—If the temperature falls to such ah extent that mot 
only the objects on the surface of the earth but also the Jwhole mass 
ofair at or near its surface is cooled below the ‘saturation point, 
Condensation takes place throughout: a large mass of air in the lower 
regions on suspended dust and smoke particles and thereby gives riseto 
fog or mist. In hot countries it is usually formed during a still, cloudless 
‘winter night after a calm, warm day, A very dense mist is ordinarily 
called fog. Water is transparent : but owing to diffused. reflections 
from condensed globules of water a patch of fog appears opaque. 

Fog may be formed on land as wellas' on water surfaces Land fog 
is formed when a mass of warm air becomes sufficiently. cooled on 
coming in contact with the cold surface of the earth during morning, 

evening or night. In this case the fog gradually extends upwards and 
the condensation takes place on smoke and hygroscopic dust particles 
Serving’ as nuclei for condensation. When the surface of the earth 
is cooled by radiation at night, the air in contact is cooled and some 
Of the condensed vapour is deposited as dew, while some remain 
hanging in the air. In autumn or Winter, fog is offen seen on water 
Surfaces. Here the water and also the layer of air just in contact 
with its surface are warmer than the air above. Water vapour Is 
then given off in larger Quantities and when air in a nearly saturated 
condition cools owing to contact with the cold air above, fog i8 
formed. tr 
_In large towns dense fog is due to the condensation of water 
_ Yapour on smoke and dust particles, although smoke does nof cause 
the fog. On some Occasions the mist becomes very dense late at night 
> and continues till the following morning. Itis found that the day i8 
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warmer on such occasions. Owing to the warmth ofthe day greater 
evaporation takes place and deposits large mass of water vapour in 
ths atmosphere. When the temperature falls by radiation, condensation 
takes place readily and a dense fog is formed. As the air warms up 
by the heat of the sun, it rises above the dew point; the condensed 
water particles, therefore, evaporate and the fog slowly disappears, 


Cloud—Olouds are mist formed high up in air. Charged with water 
vapour, large mass of warm air rises to higher levels and becomes 
cooled. The cooling may be brought about by contact with cold air 
above or on account of the expansion due to lowering of the pressure 
in the upper regions. If the temperature falls below the saturation 
point, the excess of moisture immediately condenses on floating 
dust particles as minute drops of water and becomes visible as clouds, 
Clouds may either remain almost stationary or be moving about with 
wind. In either case, however, the constituent particles are in constant 
motion among themselves. A cloud remains suspended in air, because 
while tending to fall down, the small particles enter into a warmer 
region and quickly evaporate, Again, as the mass of water vapour is 
in a state of going higher up due to buoyancy, it expands due to 
lowering of pressure, The expansion lowers the temperature of vapour 
to the condensation point so as to form cloud over again, Thus there 
is a constant vertical up-and-down motion of water vapour in the 
region of the clouds; 

Forms of Clouds—Varying with the conditions under which they 
are formed, clouds have a variety of forms and structure. The follow- 
ing classifications were made, and names given, by Luke Howard, & 
London Chemist in 1808. $m 

(1) Cirrus —These are fibrous or foather-like clouds of uniformly 
white colour occupying the highest region of at least 25,000 feet in 
the atmosphere. Owing to the very low temperature at the high 
altitudes, these are composed of particles of ice formed by the freezing 


of the constituent water drops. : 
(2) Cumulus— These consist in extensive rounded masses, con- 


vex above and flat below, and resemble heaps of cotton wool When 
eolumns of warm. moist sir rise to cold higher regions, they get 
condensed at the upper extremities, so that clouds are formed on the 
top of these columns at heights ranging between 60C0 feet and 10,000 


feet above the earth’s surface.. ) 

(3) Stratus—These are made up of extended horizontal sheets of 
grey colour, hanging low in the atmosphere at a height of abont 2,000 
feet. Characteristic of fine weather, these are formed due to conden- 
sation taking place at the regions of contact of layers of air ab 


different temperatures. i À 
(4) Nimbus :- Those are black rain clouds appearing like formless 


; i i feet 
‘masses and with rugged edge at a height of about 1000 to 1500 b. 
Rid WIS ING fine droplets of water in & cloud come into 
contact; they coalesce to! form ‘a larger drop and fall Idown as rain, 
As a drop falls, some of the :vapour in different layers of air condenses 
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on the cold drop; the drop thus gradually grows in size as it falls. 
down. In size and velocity of fall the rain drops vary. 


Rain Gauge—The amount of rainfall in a locality is measured by 
& simple instrument called a rain gauge. The form now commonly in 
use and known as ‘Simon’s Rain-gauge’ consists in its simplest form, 
of à funnel provided with a circular brass rim, exactly five inches in 
diameter and fitted to a cylindrical body which is joined to the i base, 
The base is kept fixed to the foundation and the height of the rim of 
the funnel is one foot above the ground. The rain falling into the 
funnel collects into a bottle placed inside the cylinder and the 
quantity deposited during a period of observation is measured in a 
glass cylinder graduated to hundredths of an inch. An inch of rain 
that the water collects, would fill the depth of an inch within the: 
cylinder with its base equalto the rim of the funnel. The annual 
rainfall at a locality is expressed in inches. A fall of one inch of rain 
on a square yard of surface represents 4°69 gallons, The average: 
annual rainfull in Bombay is nearly 45 inches and that at Cherrapunji 
is 100inches. At the latter place we have the greatest amount of 
rainfall per annum. | 


Sleet—If the falling rain freezes before it reaches the ground, it 
is called sleet. 1 
Hoar-frost—If the temperature of the surface of the earth and of 
adjacent objects fall below 0°C before the dew point is reached, the 
water vapourin contact with surfaces directy condenses into icy 
crystals which are deposited as fast as they are formed. This 
deposit is called frost or hoar-frost. Thus frost is not frozen dew 
but is formed directly by the freezing of the water vapour. Frost is 
injurious to plants. y 
; Snow—When condensation takes place at a height where the 
temperature is below 0°O, the water vapour directly condenses into- 
crystals of snow around the suspended nuclei. Being an aggregated 
form of snow flakes, the crystals fallto the ground as snow. These 
.erystals have a variety of forms and structures. 


Hail—Due to violent air current accompanying .thunder-storms 
the condensed moisture in the upper region is carried up and down 
Several times through regions of snow and rain. Owing to this: 
half stones axe formed with alcernate layers of white snow and clear 
ice. They may be various shapes and sizes and are more or less 
transparent, 

EXERCISES ON CHAPTER VII 
Reference 


Art. 84 1. Why does a glass tumbler cloud over’ on the outside whem 

ice-cold water is p3ured into it ? 969) 

(0. U.—1949. 760 ; Dac, U.-1949 ; patot Uis 

Arts. : 2. Define ‘Relative Humidity’ and ‘Dew point’ and exp nip 

84 & 85 how the determination of. the dew point enables you to calculate 

: relative humidity at a particular place, : gris 

(0. U,—1963 ; Mad. U.—1970; R. P, Les 
Pat. U.—1963, '65 ;. Utkal. U.—1969 ; V. U.—19»? 


4 


P 
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3. The average temperature of a summer day is much 
higher than that ofa winter cay; but still a damp cloth dries 
more quickly on a winter day, Explain why. — (All. U.—1969) 

4. The temperature of air in æ closed space is observed to 
be 15°C, and the dew point is 8°O. Ifthe temperature falls to 
10°C, how will the dew point be affected 7 (P.essure of aqueous 
vapour in mm, of mercury at 7^0 is 7°47 and at 80 is 8:02), 


(Utkal U.—1964 ; Pat. U.—1971 ; Gau. U.—1969) - 


Ans. Dew point=7'75°0. 

5. Ahot dayin Puricauses greater discomfort than an 
equally hot day in Delhi. Why? (0. U.—1958) 

6. Define relative humidity of air and state how it can be 
determined by knowing the dew point and using a table of 


saturated pressure of aqueous vapour. 
(Pat. U.—1962 ; U. P. B.—1968) 


7. The temperature of air on a certain day 93°C and 
the relative humidity is 559%. What fraction, of the mass of the 
water vapour in the air would condense, if the temperature 
decrease to 10°C ? (At 23°C the saturated vapour pressure is 
211 mm, ; at 10°O, itis 9'2 mm.). 

Ans. 0'21. ; à 

8. Describe a dew point hygrometer and explain the 
method of working it, What use is made of this instrument in 


weather forecasting ? (0. U.—1963 ; Mad. U.— 1903). . 


9. Explain whet you mean by humidity. Describe any 
method of determing it. 

On a certain day the temperature of the air at a placa is. 
17°C and the dew point is 19°O, Find the relative humidity. 
‘Maximum vapour pressure of water at 12°O is 1'046 cm. of 
Hg. and at 17°O i- 1'442 em.) (Dac. U.—1963) 

Ans. 72%. 

10. State what is meant by the term ‘relative humidity’ 
and describa how its value may be determined. 

(Nag. U.—1968 ; U. P. B.—1962 ; Andhra U.—1970) 


11. What is meant by Regnault’s Table of saturated 
pressure of aqueous vapour? Show how this table will enable 
you to determine the relative humidity of air, if tha dew point 
is known, (C. U.—1964) 

19. The table below gives the maximum pressure of water 
vapour in mm, of mercury :— 


4^,,,61 10°... 91 
79... 10 12°... 9'1 
85...870 14*...11 9 


Explain how these data have been obtained experimentally 
and find tho actual pressure of water vapour present jn a room 
at 14°, when tho dew point is found io bed. What is the 
relative humidity of tha air in the room ? (Dac. U.—1961) 

Ans. 6'4 mm. ; 53%. 1 

18 One day Duo iemneraturo of the alr was 16'5°O., 
the dew point was found to be 12°0.Find the relative humidity. 

(Maximum vapour pressure of water ab 12°0 is 1'046 cm. of 
Hg., at 1670 is 1864 om. of Hem at 17°C is 1442 cm. of Hg.) 

Ans. 74'5% (approximately). i 

14, Danie PIRR Hygromoter and explain how you 

. use it to determine relative humidity. 
(Nag. U.—1964 ; U. P. B.—1902) 
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Reference 
Art. 83 


Art. 85 
Art. 86 
Art, 85 


Art, 86 


Art, 
; 86 & 87 


Arta.” 
85 & 86 


Arts. 
85 & 86 


Art. 87 


Arte. 
79 & 86 


Art, 86. 


Art, 87 
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Reference 


Arts. 
85, 87 
& 89 


Art. 89 


Art. 89 


Art. 91 
Art. 91 


Art, 92 


Art. 92 
Art. 92 


Art. 92 


Arts, 
86 to 90 
Art. 92 


Art. 92 
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15. Define ‘Relative Humidity’. Describe ^ Regnaul/'s 
Hygrometer and the Wet and Dry bulb Hygrometer and point ont 
their relative advantages. 5 (Mad. U,— 1968) 


16. Define relative humidity. 


zi 

Desoribe a wet and dry bulb hygrometer. How would you | 
determing the relative humldity with its help ? um 
(Del. U.—1963 ; © U.—1958) - 

17. Explain the use ofa wet bulb anda dry bulb thermo 
meter. © ^ (Mad. U.—1969) - 


18. A cubic metre of air, the relative humidity of whichis — 
80%, is dried at atmcspherio pressure. Find the change im 
volume, if the atmospheric pressure is 765 mm, aud the te 
perature is 80°C (Max. pressure of water vapour at 80'0 
32 mm.) £: 


Ans. 84x10! c.c. 


19. Caleulate what fraction of the mass of the water yapour — 
in air would condense, if tho temperature of the air fell from 
20°C to 50 and if originally the humidity was 60%. (Saturation - 
vapour pressure at 20°C is 17°5 mm, and at 5°C is 6'5 mm.). 

(Mad. U.—1968) 
Ans. 881. ) 


20. :,Explain how dew is formed mostly on blades of grasa and 
not on the leaves of trees. } S 
(Utkal. U.—1964 : Pat. U.—1900) — 
21. Oloudless nights are. better for the formation of dew E! 
than clondy ones, Explain. (U. P. B,—1970. ; Dac, U,—1909). 
22, Why does a morning fog generally disappear before - 
noon ? (0. U.—1900) - 


23. Explain the formation of clouds. 
(C. U.—1902; U. P. B—1967) 


94. Write a short essay on hygrometer, 
yn 3 (U. P. B.—1958; B. H. U.—1901) 
25. Write a brief illustrative account of the nature and mode 
of formation of clouds, fog and dew, Indicate the conditions 
are favourable for their formation. (Utkal. U.—19f 


26. Write a short not» on Fog. (y. U.—1954) t 


CHAPTER VIII 
TRANSMISSION OF HEAT 


93, Modes of Teansmission,—There are three distinc’ processes 
by which heat may be transferred from one place to another. These 
are Conduction, Convection and Radiation. 

(1) Conduction is the process im which heat is transmitted from 
the hotter part of a body to the colder one or from one body to a colder. 
body in contact with it without any transference of material particles, 
For this process the agency of some material medium jis necessary. 
Heat is transmitted by conduction through solids, If one end of a 
metal rod is held in a flame, the other end soon feels warm ; the end 
gradually gets hotter and ultimately becomes too hot to be held in 
hand. Consider the rod to be composed of layers of material particles. 
Hore heat is first communicated to the particles of the rod in contact 
with the fire ; such particles transfer heat to the adjacent particles and 
these to the next layer of particlesand soon by way of vibratory 
motion,’ In this way heat passes on from one end of the rod to 
the other. ) 

(2) Convection is the process in which heat is transferred from . 
one point to another by actual mobement of heated material particles 
from a region of higher temperature to another of a lower tempera- 
ture, Liquids and gases are generally heated by the process of 
convection. Take a flask partly filled with 
water (Fig, 64) and drop a. few crystals of 
potassium permanganate into the water; heat 
the flask ab the bottom. A coloured stream of 
water is found to rise up from the bottom to 
the middle of the flask and then to diffuse 
back down the sides.: The water at the bottom 
is heated first end being ligher, it rises up the 
middle, while from the top colder water comes. 
down the sides to take its place, Two currents 
are thus set up in the mass of liquid,—an 
upward ' current through the middle and * 
downward current slong the sides, These 
currents tend to beat the entire mass of tho 
liquid indirectly and are, therefore, termed 
convection currents. Again, if we hold our 
hand above a flame, we feel hot, Being heated, the sir in contact with 
the flame becomes lighter and rises Up, while colder sir from the sides 
rushes in to occupy the space vacat by the heated air. The cyclo 
of operation is repeated and we get's contindouseurrent of heated sir. 
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Radiation is the process in which heat can pass from one point to 
‘another without the intervention of any material medium. It is by this 
process heat reaches us from the sun, although the vast space between 
the sun and the atmosphere cf the earth is vacuous. Radiation is thus 
a distinct process. If we stand before fire, we feel hot. Heat reaches 
our body not by convection, for due to convection heated air rises 
apwards, while cold air rushes from the sides towards the fire. Nor 
has the heat reached by conduction, for air is » bad conductor and the 
éffect of the cold stream of air moving upwards would neutralise the 
outward transference of heat by conduction. In such eases, therefore. 
heat comes by radiation. 


‘94, Distinction between Conduction, Convection and Radia- 
tion—(1) In conduction and convection, heat is transmitted by means 
of material particles, while in radiation heat can pass through vacuum. 
In conduction heat passes from layer to layer without any transie- 
rence of the particles of the body, while in convection the particles 
carrying heat actually move from one part to the other. Solids are 
heated by conduction, and fusids (liquids and gases) usually by 
convection, while the process of radiation involves & wave-motion 
through empty space. 


(2) Conduction and convection are slow processes, while radiation 
is an extremely quick process ; heat radiation travels with a velocity 
-equal to that of light. 


(3) In conduction. and convection, heat is transmitted along any 
path, while in radiation heat travels in straight lines, ‘Thus the direct 
heat of the sun can be obstructed by an umbrella and the heat of fire 
‘an be shut out by an intervening screen. 


. 95, Comparison of Conduetivities—The property of a substances 

py virtue of which it can transmit heat by conduction, is known a8 
conductivity. Not all substances possess this property to the same 
degree. Substances, e.g., metals, which readily conduct heat through 
them, are called good conductors, while those, e.g., glass. wool felt, 
gases, etc., which do not conduct so readily, are termed bad conduciors. 
The conductivity of different solids can be roughly compared by the 
following experiment. 


Ingen-Hausz’ Experiment—The apparatus consists of & metal 
trough T (Fig. 65) provided with a number.of holes at its side. A 
number of rods a,b. c....are fixed-exactly into these holes. The rode 
are of the same dimensions but of different materials(such as brass, 
dron, copper, wood and glass). The rods extend slightly to the same 
distance into the trough and are all coated outside with paraffin wax: 
"The trough is filled with water kept boiling by some heater, So one 
-end of each rod is raised to the temperature of boiling water. While 
heat is conducted, temperature rises gradually to the melting point of 
-parafin wax as indicated by the melting of wax over the rods. 


E. 
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When the steady state has been attained, it is found thet wax has 
: melted over different distances along 
different rods, the distance being large 
iti“ case of copper and very small in the 
case of wood or glass. This shows that 
the conducting powers are different for 
different substances. Theoretical 
considerations clearly show that the 
i conductivity of a particular material is 
| proportional to the square of the length 
i Wi over which wax has melted on the rod of 
Fig. 56 the meterial, when the stationary tem- 
perature has been attained. This 
is a very ready method of comparing the thermal conduetivites of 
different materials. j ] 

96. Thermut Conductivty (Coefficient of Conductivity'—The 
thermal conductivity of material is the quantity of heat that flows 
in one second through a Unit area of a plate of the material of unit 
thickness, the difference of temperatures between the faces being unity 
and the flow of heat being normal to the faces. 

Take a plate of some material with its pair of opposite parallel faces 
at different temperatures, No heat from any sides being assumed 
to be lost, all the heat will flow from the face at a higher temperature 
0, to the opposite face ab a lower temperature ða. The total quantity 
of heat Q flowing through the plate is then found to be directly 
proportional to A the area of the plate, and to the time ¢ in seconds 
but mversely proportional to d, the thickness of the plate. Thus, 

(84 — 0.) At, 
Xe d 


Q 
uy A(0,— 03) ...(98.1) 
Qk. — i : 
where k is aconstant which depends solely on the nature of the 
material of the plate, EPI os CA d 


If A—1 sq. em 04 — 05 —1? J, t=1 see, 
equal to b. The constant k is called the thermal conductivity of 


the material of the plate. This constant is a vector quantity. 
0.—s iş called: e temperature gradient or fall of 


temperature per unit length, Hence the thermal conductivity of a 
Mis Mts also be defined as the quantity of heat Re 
unit time through unit area of any section of the md e 
temperature gradient normal to the section kcu ri hs 5 i 
97. Det.rmination of Thermal Conductivity—Tho erma 
conductivity of a good conductor can be readily Beteranet By uem 
of Searle's apparatus (Fig. 66). .ABis a bar of the material, ber 
thermal conductivity of which is to be found, So as to E 
of heat from its sides, the bar is’ covered with felt. The en is 


The quantity 
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placed in a chamber, through which steam is passed, while round the 
other end a coil C of thin copper tubing is soldered, through which & 
steady flow of cold water is i 
maintained. The tempera- 
tures 0, and0g of the water 
at entrance and exit respec- 
tively are indicated by two 
thermometers, Two other 
thermometers are placed at 
a known distant apart into 
mercury contained in two 
grooves on AB. 


By regulating the flow 
of water a steady state of Fig. 66=Seral’s Apparatus 
temperature is reached. 

Loss by radiation being neglected, the quantity of heat now flowing 
through any section is the same. so that the quantity of heat flowing 
into the bar at the hot endis equal to the quantity flowing ouf. 
at the other, The quantity of water passing oub in a given time i8. 
collected, the temperatures at the entrance and the exit being noted. 
Thus the quantity of heat absorbed by the water is found and this also 
gives the quantity of heat flowing through the bar during the, time.. 

Let the cross-section of the bar > be=S sq. CM, 

„ length of the portion under observation = cms 5 4 

» difference of the temperature at the two points =0,— 03. 

» time during which experiment is continued. =? Sec. 

» quantity of water collected =m gm. i 
and » required thermal coductivity =k. 

Temperatures of water at the entrance and exit =01 and Os, Say- 

Then the quantity of heat flowing through the bar during the 

= B84 88). (971) 
d 


time is m(0,—05). Also this quantity of heat= 


On equating, we can calculate 5. The unit of b im CO: G. ssir 
calorie per em. per°C per sec, (For other methods of measuring® 
conductivities, vide volume III). 

The following Table supplies the thermal conductivities of various’ 
substances :— i3 


Thermal Conductivities 
PA 


‘Substance Condue- | Substance O»nduo- Substance Conduc- 


tivity. tivity tivity. 
(C. G.8,) (C. G. B.) (0. G- 8.) 
[E 
Aluminium | '49 Silver ‘97 | Ebonite 4x107 
Copper *92 Brass 26 Felt 9x10 
Goid "70 Glass 2x10-5 TFlaxnel 9:8x 107 | 
Iron 4 Fireclay 4x1073 | Procelain 2:5x 10 


Mercury : Asbestos 6x10-* .| Rubber 45x10] 
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98, Influence of Specific Heat on rate of rise of Temperature 
-—When one end of a rod is heated, its temperature gradually rises. 
By conduction from the previous heated layer each portion of the rod 
receives more heat than the quantity it transmits to the next layer ; 
also it loses heat by radiation. Thus in this state each layer of the rod 
absorbs some heat which raises the temperature of the particular 
layer. The rod is now at the variable state. But after some time 
the heat received by any layer becomes equal to the quantity 
transmitted to the next layer together with that which is lost by 
radiation from the p: jeular layer. No further absortion of heat 
takes place and so no further rise of temperature occurs. This is 
called the stationary state. 
| In the variable state the rate of rise of temperature sí any section 
of the rod, that is to say, the quickness with which that section of 
the rod is raised in temperature, depends nob only on the thermal 
conductivity but also on the specific heat of the material of ihe rod. 
In the stationary state there is no further absorption of heat and so 
the flow of heat depends only on the thermal conductivity, 


Take a unit volume of the rod in the variable state of temperature. 


Let the density (i.-e., mass per unit volume) of the material be c 
» specific heat of the material í li 

» thermal conductivity =r0 

az £] 


rise of the temperature of the substance per second nie 
= i hing unit volume per second =Ps' 

dd k=the quantiiy o os s thermal conductivity 
^^ tarato QE tempe. thermal capacity per unit volume 


erature of a unit volume of 


i f tem "M, 
In other words, the rise of te Pema] condnotivity (hence 


the rod is directly proportional to the - P 
to the quantity of heat eI the volume) andinversely A 
to the thermal capacity per unit volume, t. 6. (specific hes. ye i 
The fraction k/ps is constant and determines the ee uiii 
temperature of a given rod. This constant has heen terme ; 
by Kelvin and thermometrie conductivity by d 


: ity the rate of rise of 
For a body of higher thermal desi tan A of a substance 


temperature is slower. Hence during the var:agte f 

of low specific heat, the temperature may rise QUART stele 
point, although the conductivity may pe less, . hile the specific . 
thermal] conductivity of iron is double that of lead, W. 31 o6 Mod anid 
heat of iron is about four times that of lead. If two oie orii a 
Jead of the same dimension be coated with Lp co iate is found to 
one end to the same temperature (as in ute steady state is 
melt first on the lead rod ; but ultimately when on the iron rod. 
reached, the wax would melt upto a larger Pee 


Examples : gauge) t atmosphorio 
1. An iron boiler, 1:25 cm. thick contains “boiling "ihe temperature of the 
pressure. The heated surface is 26 sd. mettes oF 


Pt. 1H/.—10 A q 


146 . INTERMEDIATE PHYSIOS CHAP, VIII, 


underside is 19070. If the thermal conductivity of iron be 0'2 and the latent heat - 
of steam 536 calories per gm, find the mass of water evaporated per hour. o 
Ans. Evidently the water in the boiler is at 100°0. | 
Now 2'5 sq. metres =(2°5 x 104) sq. om. 
Lot the quantity of heat conducted per hour be Q calories. 
"t —————————— Box 108 x (180—100) x 60% 60, cal, by eqn. (99, 1), z | 
, | 


=288 x 10* cal. 


2883309 res. | 
536 gm. =597'3 kgm, | 
9. Tha effective wall area of a room is 100 square metres, Find the rate of flow 
of heat through the walls of thickness 60 cm., when the temperature of the interior —— 
is 30") and that of exterior is 0°O. (Thermal conductivity of the material ofthe — 
wall=0'002 C. G. S.) [Mad. U.—19681) 
Ans, Area of the walls=100 sq. m.=10* sq. cm. ; thickness —60 om. ; idiffo- 
rence of temperatures =30°C, ; thermal conductivity —0'002. 


Hence the desired quantity of heat Q nee x- tails cal/sec. 


s. the required quantity of evaporated water= 


=1000 cal./sec. 

9. A hollow cube of metal with inner sides 10 cm. and of thickness 1 om. is 
filled with melting ice and kept surrounded by water at 100°C. How much ive 
will meltin an honr? (The conductivity of«metal-0'5 and latent heat of fusion 
of ice =80). : 1 

Ans. The cubs has six faces, each of area 100 sq. om. 

«. the total area through which heat enters —600 sq. cm. 

&. the quantity of heat conducted per hour 


= 25x 690» 100% 692460 oat; =108%10° cal. 


108 x 10° 
Sag ES 
—1'85x10* gm. 
4, Wind the differonce in temperatures between the two sides of a boiler plate 
20 mm. thick and of conductivity 0'2 0. G. S. unit when transmitting heat at the 
rate of 600 kilocalories per square metre per minute. 
$ [Raj, U.—1969] 


Ans. Here Q=(600%1000) calories: conducting area A=(100x 100) sq. en. * 
time £— 60 sec. ; thickness d=2 om. ; conductivity k —0:2 C, G. B. 


Beige ree OO Ac Pa x60 =600 x 1000, whence 0, — 6, — 10. 


+". the required difference of temperatures =10°C. 

5. A current of dry steam is maintained through a glass steam trap surrounded w 
melting ice on all sides. Oaloulate the thickness of the glass walls and the en ; 
‘condensad per minute, if the total area of the glass trap is 100 sq.cm., ice mise i 
minute is 75 gm. and thermal conductivity of glass is ‘001. [Nag. U.— 


Ans. Here Q=heat absorbed by 75 gm. of ice in molting =(75 x 80 p 
taking latent heat of ico to be 80 cal/gm.; ¢=60 sec. ; conductive area at 
100 sq. cm. difference of temperatures 9,—0,=100°C; conductivity ! 


‘glass = 001. 


.". the required amount of ice melting per hour= 


mne we get . 
*001 
"001x 100% 1007 00 T5 x 80, whence d=] 


^. The thiokness sought for is thus 0'1 om. 
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99. Conductivity of Liquids—With the exception of mercury 
and metals in the molten state, liquids are in general bad conductors 
of heat. In measuring the conduetivity of a liquid, difficulty arises 
on account of (1) the convection current set up and (2) the conduction 
of heat through the walls of the containing vessels. 

The thermal conductivity of water ean he demonstrated in the 
followiag way. Take a thin-walled test tube (Hig. 67) nearly filled 
with cold water Into the water sink a piece ofice suitably weighed. 
Hold the test tube in an inclined way and heat the water near the top 
in small flame. It will be found that the water at the top may be boil- 
ing, while the ice does notappreciably melt. By heating the tube at the 
top convection current is avoided and the low conductivity of water 
is clearly showa. Due to this low thermal conductivity of water, 
Seasonal variation of atmospheric temperature does not sensibly affect 
the temperature of water at the bottom of the deep sea, since such 
water preserves a fairly uaiform temperature all through the year. 

The conductivity of liquids can be compared by Despretz's Method. 
The apparatus consists of a tall cylinder fitted with a number of equi- 


distant holes'arranged vertically, Hach hole is provided with a water- 


tight cork, through which the bulb of thermometer can be inserted 
within the cylinder. The cylinder is nearly filled with liquid and 
cylindrical copper vessel ig fitted on to the top. By circulating hot 

. water at about 100"O into the upper vessel 
the liquid in the cylinder is heated by con- 
duction. Very slowly heat travels down- 
wards, showing the low conductivity of the 
liquid. After a sufficiently long interval a 
steady state is attained when the tempera- 
ture indicated by each thermometer is 
noted. The liquid is removed and the ex- 
periment is repeated with another liquid. 
Ii the distance from the bottom of the 
ame rise of temperature be J, and 
of thermal conductivites #3, and 


Fig. 67 1 
copper vessel to points showing the 8 
la respectively in the case of liquids 
ka. theory shows that 
hila, 
EUR aii j 
(For other methods of measuring co 


nduetivity of liquids, vide 


Vol TIT h ) r i 

RO of ol E Puoi of Gases—The conductivity of gute is esir 
mely low, the gases (except hydrogen and helium) being bier rendus; 
tors of heat. Owing to the effects of convection cep in rii 
measurement of conductivity of gases is rendered it and Wi bi rg b 

The conductivity ot gas was measured by Kundé an hi s u sat 
observing the rate of cooling of a heated thermometer n "UM Pierio 
mately known thermal capacity, The bulb was enclose ne 8 a dotes 
vessel which contained the expsrimental gas and whose outer to less 
was kept at O°C by a water bath. By reducing the pressure 
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than 150 mm. the effect of convection was rendered negligibly small, 
while the conductivity remained unaffected. By observing the rate 
of cooling of the thermometer when the enclosure was made as perfect 
a vacuum as possible the effect due to radiation only was found. The 
difference between the two observations gives the quantity of heat 
transmitted by conduction only. Knowing the radius of the enclosure, 
the difference of temperatures and the time fot the fall, the thermal 
conductivity k was calculated. As detormined by more careful 
experiments the value of i for air is 0'00056 C. G.8. (For experimental 
ey of measuring conductivity of gases, vide Volume III of the 
ook). 

101. Good and Bad Conductors—If a piece of wire gauze is 
placed upon the flame ofa gas burner (Fig. 68), the flame appears 
only below the gauze but does not get through it. So rapid is the 
conduction of heat away from the flame by wire gauze that the gas 
above the gauze does not get sufficient heat to reach the ignition point 
and so the flame does not extend above it. If just over the gauge a 
lighted match-stick is now applied, a flame is produced, showing that 
the gas has been all along passing through the meshes. If the gauze 
were held for a sufficiently long time so as to be heated above the 
ignition point of the gas, the flame would extend above it. 

Again, a piece of wire gauze is held a little above the burner 
the gas is turned and lighted above the gauze. Flame is produced 
above, but does not extend below, the gauze. As the heat of the 
flame is rapidly conducted by the gauze, gas below is not 
sufficiently heated so as to reach the ignition point. Ifthe gauze is 
moved up or down the flame also moves. By appyling 8 lighted 
match-stick below the gauze, flame can be produced there. 

Ti s piece of wood and a sheet of iron be touehed, the latter 
feels colder than the former, although both are the same room tem- 
perature. Iron being a better conductor takes away heat from 
the hand more rapidly than wood does; iron, therefore, cools 
the hand more rapidly and so it appears colder. If the hand is colder 
than the common temperature of the two objects, to the touch the iron 
sheet will appear warmer than the 
piece of wood for heat will pass into 
the hand more rapidly from the metal 
than from the wood. Again, if a 
piece of wood and a piece of metal 
have been lying in the sun, the 
Yatter will appear uncomfortably 
hotter to the touch. For the same 
reason, a marble floor appears colder 
than a cemented floor, and a picce of Fig. 68 
oil cloth colder than a linen sheet. 


A glass rod can be melted in a flame by holding it at a point. 


very close to the flame while in metal rods even & distant point be“. 


comes too hot to touch. To prevent it from becoming ineoveniently | 
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hot, handles of soldering ‘iron’ and of metal keitles, tea-pots, cookers, 
etc., are provided with handles of non-conducting substances. 

Water can be boiled ina vessel of thin paper, for the temperature 
of the water does not rise above 100°C and the paper being very thin, 
heat is conducted rapidly through it,so that it does not get sufficiently 
heated so as to be charred. Steam pipes exposed to air are covered with 
loosely packed asbestos, so that very little heat is lost. Fireproof 
gafos have asbestos lining and are made of double sheets of iron with 
intervening space filled with wood-ash saw-dust, ete. Me 

The low conductivity of air is observed in various cases. To keep 
us warm we use woollen clothes, blenkets, ete, in winter. These 
prevent the escape of heat of the body. Two reasons are there; 
the one is that wool is a bad conductor ofheat,and theother is thatthe 
air also, which is enclosed within theinterstitches of the loosely woven 
fabrics, is a bad conductor. These clothes are generally terms warm 
although they are not actually warmer than other objects in the 
room. It is also to be noted that the mass of air should be at rest ; 
otherwise heat will be lost by convection, Tf this were not so, the air 
surrounding our bare body would have been enough to keep us warm 
and there would not have been any necessity for "warm clothes, 

Although the conductivities of wool and cotton do not differ much, 
the former is preferably used in themanufacture of the so called’ warm 
clothings’. For, wool, being nerely loose, holds a thicker layer of air 
for the same weight. A new quilt is ‘warmer’ than an old one, for 
in the latter much air has been pressed out. In cold countries, owing 
to the enclosed layer of air, rooms are often provided with ‘double 
windows to keep the room ‘warm’. If ice is to be kept long, it is wrap- 
ped in a blanket or placed within saw dust, both of which, being poor 
conductors, prevent the heat of the atmosphere from reaching s iem 

Davy's Safety Lamp—The heat conductivity of t E ; i 
utilised in the constructionof the Davy $ He y lamp. 
This is an ordinary lamp, the flame of whic cm com- 
pletely surrounded by a layer or two of thic gid ie 
copper wire-gauze (Fig. 69]; the air oe vend or 
combustion passes in through the gauze 1i Se ned 
is taken inside a mine, in which marsh gas is present, 
pes ters the lamp and burns inside with a dull 
ihe ae The heat of the flame being quickly 
the gas outside is not readily 
point. The appearance of i» 

ve ga 
blue flame indicates the presence Ng acacia £3 
in the mine and acts as h peer ligh 1 

improved pattern, tOr P 
Ma UM with glass having wire-gauzes both above 
and below. 4 : j 

102, Convection of Liquids—The convection of 

eG ep be demonstrated in the following 
heat in a liquid can be in Fig. 10. B is 0 flask 
way. Arrange the apparatus a8 In 


" 
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fitted with a cork, and O a wide-mouthed vessel open at the top and 
closed with a cork atthe lower end. The glass tube passes through both 
the corks. One of these D, which is straight, passes just into B and 
extends at the other end up into O, while the other tube E. bent as, 
shown in the figure, reaches almost downto the bottom of B and 
extends to the top just into O, Covering the upper end of the tube D 
and taking care that no air is left in B, fill the whole apparatus with 
water. Colour the water in O with some dye and clamp the apparatus. 
suitably. From below heat B with a Bunsen burner, The water in 
` B becomes heated and rises up along D to C, while the coloured colder 
water from C flows down E into B to take the place of hot water, 
Thus due to the circulation of water which is set is up, ordinary 
and coloured water becomes mixed grachually. The above experiment 
demonstrates the principle of the hot water heating system œ 
in buildings, T 
108. Convection of Gases—When a quantity of any 
gas is heated, it rises up and the colder gas from all sides 
` rushes to occupy the space, thus setting up convention 
currents. Itisa matter of common experience that when- 
ever a house is on fire, the wind blows from all sides 
towards the place and thus fans the flame. Stand a lighted 
candle ona basin and pour some water in it ; pub an 
ordinary lamp chimney over the candle, so that the bottom 
9f the chimney is under water. The flame gradually 
becomes wesker. Asthe ingress of the air from below is 
cut off, the flame does not get fresh supply of oxygen which Fig. 70 
is essential for combustion and so finally it goes out. If. 
however. a slight opening is made for sir by raising the chimney even 
slightly above the water, the flame continues to burn. 
: zs Now take a piece of T-shaped card board and 
^  jnsertit at the top of the chimney so as to 
divide the upper part into two portions (Fig. 71). 
Light the candle again and observe that it 
continues to burn. Near one side of the eard- 
board hold the piece of thick paper over 
the chimney; the smoke goes down by one 
Side of the card-board and rises up by the 
other, merely indicating the direction of the 
air currents. So in one half of the chimney there 
isan inward draught supplying the fresh air to 
i support the flame, while through the other half 
Fig. 71 the heated air taking the products of combus- 
CSS tion goes out. This experiment illustrates the 
principle of ventilation of rooms and in some coal-mines. 
. Ventilation—It is the process by which the warm and impure air 
in à room goes out, while fresh air from outside occupies fits place. 
T Ventilation is broughtabout by convectioncurrentssetup in the room, 
"Iesence of inmates makes the air in a room warm and being thus 
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lighter, it rises up and escapes through a series of holes near tho 
cornice, known as ventilator. From outsidefreshair is drawn in through- 
the opening below, 80 that a continuous circulation of air is seb up 

and keeps the room filled with fresh air. If there is a fire-place ina 

room, the draught in the chimney also helps ventilation. The heated 

air and smoke go up the chimney. while fresh air from the outside 

comes into the room. 

Chimneys of lamps or furnaces are designed on the principle of 
convection. The heated air together with smoke and products of 
combustion go up the chimney, while fresh air enters through the hole 
at the bottom of the burner or the fireplace, A convection current 18 
thus set up and maintains the combustion of the flame or fire. —. i 

If the chimney be removed, i) the regular draught of air is no 
longer maintained; the carbon dioxide is not, therefore, properly 
removed, nor does a flame get a regular supply of oxygen and (i2) air 
coming from all sides lowers the temperature of the flame. In either’ 
case the combustion becomes incomplete and the flame becomes 
Smoky. It can be shown that with greater intensity of the draught 
(i) the height of the chimney is greater and the difference of tempera 
ture of air inside and outside the chimney is larger. Hence to seb up 
a draught, a chimney is sometimes to be warmed initially. . " 

Gas-filled Lamps—The gas-filled electric lamps contain 8 sma 
quantity of some inert ges such as argon, Asthe gas is heated, ib 
rises up, carrying the heat away to the upper par i x 
without any bor melting, the filament can be raised toa higher 
temperature, Further due to the convection current the tiny anne es. 
thrown off by the filament are carried to the top of the ped o » 
the case of these gas-filled lamps the blackening caused by the spari 
of these particles occurs mainly at the i over 

ire insi r s, therefore, 08 ? 
entire inside surface. “Such jeep s thoro Convection — ‘Upon eonvec- 
tion of air depend the following natural phenomene. 


due to convection austenite sh 
in the atmosphere du aids MAY pe 
particular place gets hea ps and produces 
from the surrounding pla apap v berapera 
winds. Again, due to greater evaporation s region at a € bases tinh 
ture contains larger amount of water vapour, A$ dus ni disieeiton 
lighter than air, the moisture would go up and pro uce ie 
current, Winds are, therefore, due to convection a tae hich 
atmosphere produced d y 

originates from rise of temperature Or in 


‘ very great 
When the fall of atmospheric pressure at 8 pisa arable speed 


cold air from all sides rushes to the place wi 
and produces storms. ‘ 

f he sun more 

Lend and Sea Breezeg— Land absorbs heat ctn di lend is 


rapidly than water. Also owing tbo its lower spe 7 d 
Pe clip to a higher temperature than water, Thus during day: 
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time land becoms more heated than the sea. The air in contact with 
land becomes heated and, being lighter it rises up, while the colder 
air over the sea blows towards the land and generates what is called 
sea breeze. Again during night, the land cools more rapidly than the 
sea and so gradually attainga lower temperature than the latter, 
Being thus at a highor temperature, the air in contact with sea rises 
up, while the colder air over the land blows towards the sea, and 
produces what is called a land breeze, Scarcely beyond twenty five 
miles from the shore does the effect of such breeze extend. 

Trade winds—The surface of the earth near the equator hecomes 
greatly heated by the sun. The air in contact gets heated and rises up, 
and colder air from the north and south is drawn towards the equator. 

the earth would have been at rest, this would have produced a north 
wind in the northern hemisphere and asouth wind in the southem 
hemisphere. But owing to the rotation of the earth from west to east, 
there appears at the lower levels a north easterly wind in the 
northern hemisphere relative to the earth and a south-easterly wind 
in the southern hemisphere. These are known respectively as the 
North Hast Trade Wind and the South Hast Trade Wind. 


Monsoons—These are periodic winds blowing from large continents 
towards the ocean and vice-versa. During the hot seasons the regions 
in Central Asia become more strongly heated then the waters of the 
Indian Ocean. This is due to the difference in the effects of the 
Sun's heat on land and water. Currents of hot air rise upwards from 
the heated regions. while streams of air charged with moisture blow 
from the Indian Ocean on the south towards these regions. On the 
way the moist air becomes very warm and takes up plenty of moisture. 

hen it meets a barrier of high mountains, it rushes upwards to 
great height and is thus cooled both by expansion and by elevation 
to colder regions. Hence the moisture condenses and drops 88 
rain. Thus the moist air from the Indian Ocean being obstructed 
by the Assam hills causes profuse rain in Assam and Bengal. In 
fact, the world’s greatest rain-fall occurs at Cherrapunji in Assam. 
Owing to the rotation of the earth from west to east this current of 
moist air seems to blow from the south-west and is called the south- 
West or rainy monsoon. During winter the rays of the sun fall vertically 
over the waters of the Indian Ocean, which, therefore, becomes more 
heated. Hence the colder air from the regions of Central Asia appears 
to blow across India from the north-east and is called north-east or 

monsoon, 


Ocean currents—These are caused partly by convection and partly 
by winds blowing along the surface. The cold water in the polar 
regions sink down and flows towards the equator as a deep under- 
current, while the surface watersat theequator on being heated become 
lighter and flow towards the poles as surface current. The gulf stream 
is a huge surface current which Starting from the Gulf of Mexico flows 
along the east coast of the United States, crosses the Atlantic and 
runs along the west coast of Europe, ! 


4" 
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105. Nature of Radiation—We know that transmission by 
gadiation can pass through a vacuum and also through a material 
n medium. Formerly tbe concept gained 
avaverength ^ || |Hard gamma rays ground that the whole space of the 
universe is filled with a continuous 

ex elastic medium celled ether. The 
vibrations of atoms and molecules of 
etm a heated body set wp temperature waves 
in the surrounding ether, which travel 
out in all directions with an enormous 
Medivm velocity of about 186,000 miles per 
second and carry the heat energy from 
the source to the receiver. When these 
waves fall on a material body, the 
transmitted velocity is reduced and 
the energy is partly absorbedin it pro- 
ducing a rise in the temperature of the 
body, It is to be noted that at the 
source the energy manifests itself as 
heat and on reaching the receiver it 
becomes evident again as heat: but 
when ib passes through vacuum, it ex- 
isis not as hoat put as energy of wave- 
motion in. ether. The latest view re- 
garding the propagation of heat energy 
is that the radiation consists of trans- 
verse wavesof periodic electric and mag= 
netic intensities movingthrough space. 
On reaching us the radiation from 
the sun excites the sensation of heat 
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Slow oscillations — X rays, visible light, 


Sxio* cm. 

4 and wireless waves are all of the spina 
i hysical nature. being transverse etec- 
ee ues i (Vide MipEOTRI- 


ory. Chapter XIV), The difference lies in the frequency of the waves 
and pee in the wave-length. Thus waves. whose lengths are 
aD 


5 -8 om, (violet), produce 
between 7800 X 10 8 em, (red 3900x 10°" em : 

the sensation of vision. Radiation caused by these waves 18 shows 
as luminous radiation. Again, the wave-length putt than 
7300 X 10"? cm., the radiation does nos affect the sensation, o gon 
but produces only the sensation of heat; such radiation p i 
fra red or thermal radiation. Beyond thermal Aye the 
region of Hertzian wave E 

thoro are slow oscillations 0 c DN Sees leg hae pu 
duce chemical reactions. the e g most mar Oe she vus 

length is less than 3900 x 107* em. beyond the violet end of the visible 
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Speotrum ; such radiation is termed ultra-violet radiation. Beyond 
ultra-violet are obtained X-rays and radiation of stil] Shorter waye- 
lengths constituting gamma rays. In recent days analysis of cosmic: 
rays reveals that a part of this radiation consists of waves of very 
short wave-lengths called hard gamma rays. A complete radiation 
spectrum is given in Fig. 79. 

Radiation from a hot body is not visible, as it emits thermal radia- 
tion only and no luminous radiation. Tho wave-length of thermal 
radiation extends from 80 X 10-9 em. fo about 'Ol cm. But if the 
femperature of the body is gradually increased soas to make it red hot, 
it becomes visible, inasmuch as the body then emits red light along 
With thermal radiation, With gradual rise of temperature the other 
colours appear in an increasing proportion, thermal rediation being 
always present. Ultimately when the body becomes white hot, it 
emits all kinds of radiations—thermal, luminous and ultra-violet. 

106. Instruments to detect and measure Thermal Radiation— 

(1) Ether Thermoscope—It consists of two glass tubes (Fig. 73) con- 
nested by a bent glass tube and is held vertically insuitable O 
stand. The instrument contains only some quantity of we 
coloured ether and ether vapour, the whole of air having 
been expelled before the instrument is sealed. One of the 
bulbs is coated with black paint, When thermal radiation 
falls on this bulb, it is absorbed ; so the temperature of the 
bulb and consequently that of the contained vapour, rise. 
The pressure of vapour on the ether within the bulb. 
therefore, increases and so the level of theetherin the other 
branch rises, 


(2) Differential Air Thermometer—Tnis was first used ee 
by Leslie. It consists of two equal glass bulbs containing air and 
connected by a glass tube bent twice at right angles, The tube 
contains syme non-volatile coloured liquid, eg., sulphuric acid. The 
quantity of sir in the bulbs is so adjusted that when the two bulbs 
are at the same temperature, the liquid stands at the same level in 
both the limbs. Ifone bulb is raised to a higher temperature than 

the other, tho air in it expands and so the level of the liquid in this 
stem is depressed, while that in the Other rises. Small difference of 


temperatures is thus indicated by this instrument. In addition to 


these there are a few electrical instruments, 9.g., thermopile, bolo- 
meter, radiomicrometer, ete, which can measure avery small difference 


they obey identical laws and have common properties. The following 
are the principal points of similarity. 

„ (i) Transmission through Vacuum—Thermal radiation like 
light can travel through vacuum. From the sun and through empty 
‘Space heat as well ag light reach us. Within an evacuated jar æ 


ya 
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thermometer with a blackened bulb is placed. If the whole of itis 
now placed in the sun or before a fire, tho thermometer shows a rise 
in temperature. A e , i 

(ii) Rectilinear Propagation—Thermal radiation travels very 
approximetely in straight lines; so we may use the term heat rays in 
a similar sense es light rays. The heat coming from a flame can be 
cut off by a screen in much the same way as the light coming from it 
can be. Subsequently it will be seen that both heat and light waves 
have got the property of bending their paths slong the edges of opaque’ 
bodies. In the case of heat waves the bending is more prominent, 

(iii) Uniform Emission—In a homogeneous madium  thermab 
radiation like light is emitted uniformly in all directions. An incen- 
descent metal sphere is placed im a dark room. If delicate thermo- 
meter with a blackened bulb is placed on any side at the same distance 
from the sphere, it gives the same reading. From all sides the sphere 
also appears equally bright. i j 

(iv) Velocity of Propagation— Thermal radiation and light travel 
through space with à. constant velocity (186,000 miles per second). 
During a total solar eclipse of the sun, the stoppage of light is simul- 
taneously accompanied by & fall of temperature. à à 

(v) Inverse Square Law—Like light thermal radiation follows. 
the law of inverse square, Hence the intensity of the radiation ab a. 
point varies inversely a8 the square of the distance of the point from 
the source. Take a large flat-sided tin vessel B (Fig. 74) with one 


i ted with lamp-black. Fill it with boiling water. Place 8. 
aes costed MM wit ‘thermopile fitted with 


lc i the cone collector at 
tin front of the sur" 
face. | Observe the 
deflection of the gal- 
yanometer. ow  re- 
move the thermopile 
to T at twice the 
former distance. The 
deflection of the gal- 


yanometer remains 

- unchanged. 
à verse Squares The area of the 
Fig. 74—Proof of the Law Inverse pq. piece Pn 


from which fadiation 

ile, i ^ i times ;. 

thermopile, i8 found to - have increased four times ; 

bat. E REE onn the same, the pe eae e 
. H 1 e. 

us í 1 

eie uU thernibpile has been reduced to a quarter. In 

other words, the intensity of ra 

of the di { y iu " 

eri iPRerleetion-- Olepind the laws of reflection. like light, thermal 

radiation is reflected from polished surface, ` ' 
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— (a) Reflection at a plane surface—A polished thin plate is suppor- 
ted vertically. With their axes in the same horizontal plane two 
tubes are placed in front of the plate, A heated ball is placed near the 
end of one of the tubes and athermopile is placed near that of the 
other, direct radiation from the ball to the thermopile being prevented 
by suitable screens. By rotating the tube the position for maximum 
effect of the thermopile is obtained. It would be found that the tubes 
are equally inclined on opposite sides of the normal to the reflector. 
Tf one of the tube is slightly displaced, the effect at once grows less 
marked, 

(b) Reflection at spherical surface—Some distance apart and facing 
each other, two large concave metallic mirrors are placed coaxially. 
If at the focus of one a luminous source is placed, en image is pro- 
duced at the focus of the other. Again, if a red hot ball is placed at 
the focus of the former, a match stick on being placed at that of the 
latter catches fire. 


(vii) Refraction—Obeying the law of refraction , thermal radiation 
like light is refracted. If solar rays be passed through a convex 
lens, preferably of rock-salt, the light rays converge to the principal 
focus of the lens. With any detecting apparatus it can be shown that 
the heat rays be made to pasa through a glass vessel containing a 
solution of iodide in carbon bisulphide, luminous radiation is cut off, 
but not the thermal radiation, 


A burning glass is a convex lens of short focus used to converge 
the heat rays from a source to a focus. Devised by the Tohrinhausen, 
a large burning glass was used to burn a diamond for the first time, 

(vii) Continuity of Spectrum—Forming a spectrum of the 
solar light with a rock-salt prism, the heating effect along the entire 
spectrum can be demonstrated with athermopile. The heating 
effect is found to increase towards the red part of the spectrum 
and becomes maximum in the infra-red region at a little distance 
beyond the visible red, The presence of the dark line in this region 
has been demonstrated as well. 2 

(ix) Polarisation— Like light, thermal radiation can be polarised ; 
that is, the vibrations are brought to a particular plane after being 
transmitted through certain substances (e. g., tourmaline plate/. 

(x) Production of Light by Hesting—lIf electrie current 18 
passed through a piece of platinum wire, it first sends out thermal 
wadiation and finally st about 1600°C it gives out white light. Thus 
at a rather low temperature the body gives out the long heat rays 
and ata sufficiently higher temperature ib emits light ray? along 
‘with the heat rays: 

We thus find that nature of the thermal radiation as well as of 
luminous radiation is the same ; the difference lies only inthe wave 
length. Radiant heat is then invisible light. 


108. Absorption, Transmission and Reflection of Radiation— 
When thermal radiation falls on a body, it is generally spilt up into 


E. 
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three parts 5 (1) A portion is reflected at the surface obeyi 
laws of reflection. (2) A portion is irregulary reflected doch Md 
at the surface so as to be scattered in various directions. (3) A 
portion is refracted into the body. Of this last portion a part may be 
transmitted through the body and the remainder may be absorbed 
within the material. The portion absorbed raises the temperature 
of the body. Different bodies possess different powers of reflection 
transmission Or absorption. 7 
Selective Absorption—The power of absorption: of a substance 
depends greatly on the nature of the incident radiation and also om 
the temperature of the source emitting the radiation. Glass, for 
exemple. i8 transperent to light and also to thermal radiation coming’ 
from a source of high temperature, but is practically opaque to thermal 
radiation from a source at a low temperature (below red heat) The 
light and heat from the sun can pas? through moist atmosphere to & 
great extent. The suríace of the earth absorbs the heat, gets thereby 
heated and sends out thermal radiation in its turn; but this radiation 
is greatly obstructed by the moist eir. Again, rock-salt is very 
transparent to thermal radiation, while quartz behaves similarly to- 
wards ultra-violet radiation only. Opaque to luminous radiation, solut- 
ion of iodine in carbon bisulphide readily transmits thermal radiation. 


109. Emission of Radiation—The heat energy radiated by & 
body is transformed into wave-motion. As the transformation takes 
place at the surface, the radiating power of a body is likely to depend ; 
on the nature of the surface. We define thermal emissivity of a 
radiating surface a8 the amount of heat energy emitted per second by 
one square centimetre of tte surface. Emissivity of different surfaces. 
even at the same temperature, is found to be different. 

Emissivity of different surfaces—Place a Leslie's cube on & 
suitable stand. Tt consists of & thin" metal cube (Fig. 75) with æ 

hole in the upper lid, 
through which a thermo- 
meter can be inserted. The: 
facesofcubeare of different 
nature. Thusone ofthefaces 
may be coated with lamp- 
black, another painted. 
white, a third roughened: 
and the fourth highly 
polished. Fill the cube, 
with boiling water and 
keep each of the faces. 
turned for the same time 
towards & thermopile in 

Fig. 7 series with a galvano- 
meter and placed & fixed dister apart, Note the deflection of tho 
papas time. Byidently the deflection 18 proportional to: 
the emissive power of the particular surface. 
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It is found that for polished surface the deflection is very small; 
it becomes greater for the rough surface, increases further for the 
coated surface and is maximum for the lamp-black surface. At a tem- 
b perature of 100°0, the radiating power of white lead is the same as 
| that of lamp-back ; but at higher temperature lamp-black surface is 
l the best radiator. Hot liquids kept in a blackened vessel cool more 
rapidly than in a polished one, The emissive power of a lamp-black 
| surface is, therefore, usually taken as the standard with which that of 
| any other surfaces is compared. The radiating powers of different 
| substances, even when coated with the same polish, are different. 

The emissive (or radiation) power (or the coefficient of emission) 
| €f the surface is the ratio of the amount radiation emitted in a given 

` déme by the surface tothe amount emitted in the same time by an 
equal area of œ perfectly black surface at the same temperature relative 
to that of the surrounding, 
Let the radiation from a surface in a certain time be=e, 
and radiation from an equal area of a Jamp-black 
surface in the same time= E. 
Then the coefficient of emission *=e/H. 
Example : : 

A metal sphere of thermal capacity 6'5 cal. per degree centigrade is observed 
cool at the rate of 05 degree per minute, when its temperature is 50°C above that 
of the surroandings. If the sphere i83 cm. in diameter, calculate the thermal 

` emissivity of the surface of the sphere.. [Bom. U.—1954] ‘a 


65 x'5 
eg eh 


Ans. The quantity of heat emitted per second = 


Also the area of the sphera=(4 x 914 x 1°5*) sq. om. ; 
5x'b | 


o 
Hence the thermal emissivity = axa LXI 
: 720019 cal. per seo. per sq. cm. 
110. Absorption of Radiation —Absorption of radiation by the 
. surface of a body varies with the nature of the surfaces. 
Absorbing Powers of Different 5 
|. ‘Surfaces—Take a suitable square L t f 
^ (Big. T )say, a Leslie's cube, filled with a gee 1 pdt 
boiling water. Take a thermopile T in L T 
|. Series with a galvanometer and a perfo- | 
tated screen B, so that the aperture is 
on the same line as the source and the Fig. 176 
thermopile. Place a thin dise O of copper 
with the faco towards the pile coated with lamp-black and the other 
coated with the substance under serutiay. Different surfaces absorb 
different amounts of heat as is shown by the difference in the 
deflection of the galvanometer. 


The absorbing power (or the e»efficient of absorption) of « 
surface is the ratio of the amount of radiation absorbed in a given tome 
by the surface to the total amount of radiation incident on the surface 
3n the same time. The absorbing and emissive powers of a surface are 
fonnd to bear the same ratio. : 


et ttt a 
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Relation between the Emissiva and Absorbing powers ofa 
Surface -This relation is verified by Ritche’s experiment. The appara- 
4us devised by Ritehe consists of two equal cylindrical metal vessels B 
and C (Fia. 77) filled with air and connected by a glass tube which is 
bent twice at right angles and contains some coloured liquid. A large 
cylindrical vessel A is supported between B and C. The face of & 
towards B is coated with lamp-blaek, while the other face is polished. 
Turned towards A, the face of B is polished, and that of G is coated 
with lamp-black. 

The vessel A is filled with boiling water. The level of liquid in the 
stem on the two sides is found to remain the same ; this shows that 
Band C are at the same temperature. Or, in other words, the 
amounts of energy received by them are equal, Here the polished 
face B absorbs a fraction of the amount emitted by the black face of 

A, while the black face of O absorbs 
wholly the fraction radiated by the 
polished face of A. As the liquid 
column does not move, the amounts 
of heat energy received by B and O are 
equal. Stated in a direct form, the 
emissive power is equal to the absorbing 
power. 

Hence good radiators aregood absor- 
bers and poor radiators are poor absor- 
bers. Thus lamp-black surface absorbs 
thegreatest portion of theincidentradi- 
ation and emits more than any other 
surface. Further, the absorbing power depends on the temperature of 

“on the wave length of the tagont asp yoni ni 
i the incident radiation, 18 ermed & 
body. which absorbs the whole of h Mancha bods sf, auy 


ture i . A lamp- 
temperature is called the full radiation for the temperature 
black surface is the nearest approach to a perfectly black Woy torent 


pari t Transpare 1 
Com»arison of Relative Hea are P Towed to fall di- 


materi»ls—The radiation from a suitable soure 4 ACE 

rectly on a thermopile and the deflection of galvsnometer y m is 

noted.. A plate of some material is now interposed and the deflec' wá 

is noted again. The ratio of the latter deflection to the Cate. tel 

the ratio of the portion transmitted by tie: DUS y b Sie b n 
radiation incident on ib. By taking plates ear by des h » 
all of the same thickness, the percentage transmitted the he ost 
obtained and can be compared. Thithe AM sj puse edi 

vessels of the glass containing the liquid may be sim! J th montage 

fOr For different materials ( solids, Jiquids and gases í te 0°96 eia 
‘transmitted is found to vary widely. "Thus or Ms ven ana glass 

- thickness, rock-salt transmits 93% of the incident ie taut 9%, The ` 
about 28%, while a solution of alum allows only ® the EEEE 
transparency of rock-salt is the greatest and remains 
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radiation from a source atdifferent temperatures. For other substances 
the transparency increases with the temperature of the source. 


The transmitting power of a plate is the ratio of the amount of 
radiation transmitted to the amount directly incident on it, The fraction 
of the incident radiation transmitted by a plate, 1 cm. thick, is called 
the coefficient of transmissin of the material. 


111. Reflection of Radiation—The portion of the incident 
radiation, which is reflected by a surface, depends on the nature of the 
surface and also on the angle of incidence. 


The reflecting power of a surface is measured by the ratio of the 
amount of radiation (regularly reflected by the surface) to the amount of 
radiation directly incident on it. 


Comparison of reflecting powers of different surfaces—Take 
a suitable source H ( Fig, 78 ). Allow the radiation to pass through 
an aperture in the screen 
S and to fall directly on 
a thermopile T connec- 
ted with a galvanometer 
and placed a suitable 
distance apart. Note the 
deflection of the galvano- 
meter. Now allow the 
radiation to fall on the 
experiments] plate P. 
Now shift the thermopile 
from P to T' at an equal Í 
distancefrom P toreceive Fig.78 
the reflected radiation, 
direct radiation to T’ being prevented by the screen S'. Note the 
deflection again. The ratio of this deflection to the former one 
gives the reflecting power of the plate for the particular angle of 
incidence. It is found that a lamp-black surface as the poorest 
reflector, while & polished metal is the best. Good absorbers are thus 
poor reflectors. 


%{12 Radiometer—This fine apparatus was first designed by 
Sir William Crookes. It consists of a glass bulb B evacuated so as tO 
have a low gas pressure inside (about 1 mm, of mercury ), Four thin 
aluminium or platinum vanes V are mounted on 4 light framework 
and are capable of revolving with the least possible friction. One 
surface of each vane is blackened, while the other is polished, and 
all the black surfaces are turned the same way. If the radiometer 
is exposed to heat or strong light on one side (such as burning of a 
match stick within a foot from it), the vanes continue revolving 88 1 
the dark sides of the vanes are pushed by radiating energy. 


e 


The principle of action of the instrument is explained by consi- 
dering the molecular motions of the gas within the bulb, When the 


E 
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pressure of gas inside is low, there would be a muchsmaller number of 
molecules within the bulb and such molecules would get a 
better freedom of motion. When heat radiations fall on 
the vanes, the black surfaces absorb and radiate heat 
much more than a polished surface. Consequently, the 
black surfaces are more heated and gas molecules, which 
collide witha black surface, have their kinetic energy much 
raised. So they rebound from this surface with a higher 
velocity than the polished surface. Each rebound of a 
molecule gives a tiny tap on the vane. These taps take 
place on both sides of a vane ; but the tap on the black 
side are more vigorous than that on the other side. The 
number of these taps per second on a vane is equivalent 
to the force contributed by the molecules. Since this force 
is greater on the black side, all these forces together 
constitute a couple which rotates the frame. If, how- 
| Fig. 79 ever, the evacuation be proceeded to the extreme point 

so that molecular action is negligible, it is likely that 
r light radiation the vanes might rotate in the 
This is due to the pressure of heat or light 
n the polished side than on the dark. The 
d is outweighed by the 


in presence of heat o 
opposite direction. 
radiation acting more O 
radiation pressure is extremely feeble an 
radiometric action ati low pressure. 


113. Practical observations on Thermal Radiation — We are, 
now in a position to make the general CA lat Fur inta traer 

while good transmitters or good reflectors are poor 
are good ee PCR Polished metals are the best reflectors 
in electric radiators. ud Cr ph 
high ished. Also any vessel meant to keep liqui of fora long 
o polished on the outside ; the outside of a calorimeter 
is polished and the steam pipes of a locomotive are kept brightly 
polished, On the other hand, hot water pipes for heating & zoom may 
be blackened on the ou terradiation of heat may 
be obtained from them. Hot liquids cool down sooner in a black stone 
vessel than in & motal cup with polished surface. Polished shoes 


and hats are cooler than dull ones. HeT kat 
Again, the absorbing power of a black body is more 
a eL i; Cooking vessels should preferably be black T rough 
on the Sukida In common unglazed earthen vessel a liquid s He 
paratively heated. Exposed to the sum, a thermometer with a blackene 
bulb, gi higher reading thi a ; 
Me pas i mund as it absorbs very little of thi i 8 Bar 
while black clothing is preferred in winter, for it my 8 ^ diftus 
whole of &he incident radiation and thus becomes no RCM OE 
painted white is warmer in winter and cooler in su 
painted dark. 
Radiation froma sour 


Pt, 1/H.—11 


caby selective absorption isutilised in agree, 
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house, The thermal radiation from the sun passes through the glass 
covering of the green-house. The ground and the plants inside absorb 
the radiation, get heated and send out thermal radiation. But 
gless being a bad conductor of heat confines it and keeps the inside 
warm. On the same principle depends the action of the glass 
fire-screen. The portion of the thermal radiation possessing the greatest 
heating effect being absorbed, only a part of the thermal radiation is 
transmitted along with the luminous radiation, 
_ Since to a great extent moist air absorbs thermal radiation, if pre 
vents the earth from becoming much!heated bysun'srays. Again.as the 
radiation escaping from the heated surface of the earth into space al 
night comes from a source of comparatively low temperature, itis ab- 
sorbed by the moist sir. Thus too much heatingduring the day and the 
cooling by radiation at night are both diminished. Again, in summer the 
envelope over plants and valleys maintains them comparatively warm 
during night ; but deserts and mountain-tops, whereon there is little 
moisture, cool down rapidly. On a cloudy night it feels rather “warm, 
because the heat radiated by the earth is obstructed and sent back 
by the clouds. On a clear night dew is more copious, radiation takes 
place freely and the surface of the earth cools rapidly. As gasesare poor 
radiators of heat, the hot gases in furnace are made to play on the 
fire-bricks which are thus heated and radiate heat in their turn. 


Earth's surface absorbs solar heat during dey and radiates the heat 
in night. During hot seasons the day is longer than the night, and 80 
more heat is absorbed than emitted. This causes 
accumulation of heat on the earth's surface from day 
to day and so the weather feels hotter. During the 
cold seasons the night is longer than the day ; so the 
ground radiates during night not only all the heat it 
has absorbed during the day but also a portion of the 
accumulated heat. The earth’s'surface is, therefore, 
cooled down from day to day and causes the weather 
to feel colder. 


. 114. Thermo-flask— This is used for keeping 
hot drinks hot and cold drinks cold for a long time. It 
consists of a double-walled glass vessel (Fig. 80) ; the 
space between the walls is exhausted of air through a 
fine tube at thebottomof the outer wall,whichis finally 
sealed off. The outer surface of the inner wall and the Fig. 80 
inner surface of the outer wall are silvered. The vessel E 
is placed on spring with a metallic or wooden case, its mouth being 
elosed by a cork stopper. The space intervening the flask and the outer 
cover is sometimes packed with felt. Hence the vacuum prevents he 
passage of heat by conduction as well as by convection, while the 
silvering minimises radiatlon to a very great extent. Any transference 
of theheat by conduction through the wall of thevessel isminimised by 
the non-conducting packing. Thus in a thermoflask the passage O 
the heat to and from ‘the interior by conduction, convection 


` 
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as well as by radiation is minimised. Itis sometimes called a vacuum 
flask. A Dewar flask is similar in construction and is designed to 
store liquefied gases, 


115. Loss of Heat by Radiation—It is experimentally found 
that the rate, at which a body loses heat by radiation, depends on 
(i) the temperature of the body, (ii) the nature and extent of its 
surface and (iii) the temperature of the surrounding space into which 
radiation takes place. 


Newtoa's Law of Cooling—Newton first investigated the loss or 
gain of heat by a body placed in given surrounding and enunciated the 
following law: The rate of loss of heat from a body is proportional 
to the difference between the temperatures of the body and its 
surroundings. This law refers to bodies cooling in air: itis appli- 
cable only for small difference of temperatures and does not hold 
good when the temperature difference is large ( exceeding about 30 0). 
(For further details vide J. Chatterjee’s Intermediate Practical 
Physics, All-India Edition.) 


try. The laws of cooling or radiation haye been stated by Dulong and 
Petit and later on, by Stefan and Boltzman. Finally from s Variis 
standpoint Planek established the law. The Stefan-Boltzmann aw 
lays down tha the rate ab which the energy is radiated by a hot 
black body, is proportional to the fourth power of its absolute 
temperature :— fry? 7i ii (1153) 
where E stands for the energy emitted per square centimetre per 
second by a full radiator, c i8 8 constant (512 X 10-* ergs per Kt ET 
per sec. per degree absolute) and T is the absolute Maperhiorn tres 
radiator absorbs all the radiant energy falling on it ; & ath aok 
surface is a near approach to this condition. The T Hb " e 
is equal to the continued product of E, the su ace area 


the time 
idi i lute temperature 
A ?s Law, the product of the absolute tempi r 
ofa tay aa ind basieren at which highest energy is radiated in 
a given time, is constant. Peet (1153) 
i imum energy i8 radiated 
where Amac=the wave length at ate P Tek o hos as ia 


and B=a constant (02890 cm. 4 3 
temperature of the body rises, wave-length» a6 wi e cbe 
energy is radiated, decreases: us ag a DO y d met on further 
heated, it glows; the first glow sppeats as dat rds the yellow 
increasing the temperature, the colour be igs 8 towo. 

and green parts, until it becomes white hot. 


Example $ ata! 
A body eb at 80°0 cools to 64°0 in 5 laud and to 62°C CE 
What will bo the temperature of the surroundings ? 
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Ans. Lot 6°C be the temperature of the surrounding and m and s be the mass 
and specific heat of the first body respectively, The loss of heat from the body im. 
5 minutes =ms X (80—64)=16 ms. Hence the rate per second of the loss of heat= 
16ms/300. Similarly for the second body the rate per second of the loss of heat= 
ms(80—52)/600 =28ms/600, 

Now the mean excess of temperature of the first body fort —0-72—0 

and mean excess of temperature of the second body= soane —0=66-0. 


Then Newton's Law of cooling allows us to obtain the equation. 

72—0 .,16ms[800 72-6 mJ M 

66-0 98ms/600" Oh ene T whence (7924. 

‘Thus tho desited temperature is 24°O. 

ile. Prevosts Theory of Exchanges—If a red hot metallic: 

ball is placed in front of a thermopile, it indicates that the ball is 
sending out thermal radiation. Tf the hot bsllis now replaced by & 
lump of ice, it now shows that ice also is sending out some radiation. 
Again, ifa hot body is suspended in an evacuated chamber, the walls 
of which are imprevious to heat so that there is no loss of heat by con- 
duction or convection, the body will gradually cool by radiating heat 
to the enclosure. After some time the temperature of the body and that 
of the enclosure become the same and there is then no further change 
of temperature. It may appear that under uniform temperature. the 
body does not radiate, But the fact is not so, for if the temperature of 
the enclosure is now lowered, that of the hot body will at once begin 
to fall again, showing that radiation has beentaking place all the time, 
Hence the only rational conclusion is that every body sends out radiant 
energy at all times and at all temperatures, the amountof whichdepends 
only on its own temperature and on the nature of ifs own surface 
put is not affected by the presence of surrounding bodies. Thus 
irrespective of its being placed near a very cold body or any other 
body, a red hot ball radiates the same amount of heat. 


Hence we may conclude that their is always a mutual exchange of 
radiation between any body and the surrounding objects and that the 
rise or fall of temperature observed in a body depends upon the 
difference between the amount of radiation emitted by the body enc 
absorbed by it from surrounding objects. This is known as Prevost § 
Theory of Exchanges, as it was first formulated by Prevost of Genev& 
in 1799. Thus when we stand before fire, we feel warm, because Our 
body is receiving per unit of time more heat energy from the fire than 
it is losing by its own radiation. Again when we stand before a bloc 
of ice, we feel cold, for our body loses more heat by radiation than 
it receives from the ice which is at a lower temperature. When a body 
absorbs more radiant energy than what it itself emits, the body rises 
in temperature and when less, the body cools. When the quantity 
absorbed is equal to the quantity emitted, the temperature of the body 
remains constant. A body ceases to emit radiation, only when it i8 
at the temperature of absolute zero. This theory also re-emphasises 
‘that the absorbing power of a surface is equal to its emissive power» 
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EXERCISES ON OHAPTER VIII 

Reference 

L Mention the waysin which a body loses heat, Givoa Art. 93 
fyief explanation of each way with examples. Which will give 
you better protection against cold, one thick shirt or two of 
half the thickness, the material being the same ? Explain your 
answer. (0, 0.—1953) 

3. What are different modes of transference of heat? Arts. 
-Carefully distinguish between them, giving examples. 92 & 94 


(Gau. U.—1971; Andhra 'U.—1961 ; 0. U.— 1951, '60 ; 
Dac.U.—1960,; Pal. U.—1902 ; V. U.—1952 ; 
Dal. H. 8.—1971, 
3, Distinguish between conduction and convection of heat. Art. 94 


Ilustrate their difference by examples. 
(C. U.—1959, '66 ; Dac. U.—1968; Utkal U.—1968) 


4. Describe an experiment to compar® thermal conduc- 


tivities of metals in the form of rods (And U,—1970 ; Anna. 
U.—1960 ; dau. U.—1965 ; Mad, U.—1971 5 " 

5. Define thermal conductivity. (U.P.B.—1904 ; R. P. B. Art, 96 
—1964,'66 ; Nag. U.—1962, 65 5 F.P.U.—1961 ; Q.U.—1952 ; 


Gau, U.—1965: Raj. U.—1919 : Mad U.—1961, "72) 


6. Describe Searle'g method of finding the thermal con- Art, 97 
ductivity of metals. ( Gau. U.—1968 ; Nag. U.—1972). 

7. Define the terms “Thermal conductivity’ and "Ther- Arts. 
mometric conductivity.’ (Gau. U.—1964 ; Bom. U.—1963, '69) 96.98 

8. The coefficient of conductivity of copper is 0'96. How Art, 96 
many heat units will pass per minute across & plate of copper 
of surface area 1 sq.m. and one centimetre thick, when its oppo- 
site faces are kept at temperature differing by 10°C ? 

Ans. 516% 10* calories. h 

9. Define ‘thermal conductivity’. Explain the statement Art. 96 


that the thermal conductivity of c: is 002 O. G. B. unit. 
P. 


10, How much heat is conducted 
of glass 15 sq. ft, i 


U.—1971 ; U, P. B.—1970) 
in 2 hours through a pane Art. 96 
narea (y inch thick, ifthe surface tempe- 


ratures are 60°F and 10°F ? (Thermal conanohtiz of glass i8 


"14x 1078 eal./sec, cm. 


U.—1956) 


Ans. 8193094 calories. TR 
il. The inside of a glass window 0'8 om. thick is at a e 


temperature of 30°0, an 


rate at which heat 


if its area is 2 square metres, 


athe outside at 40*0, Estimate the 
is entering the room aii uo the window, 


Ans, 199: enls.[gec. Art. 96 


19. A glass window pane 


is 1 metre long, halfa metre 


broad and 2 mm. thick. The outside temperature is 50°C; but 


the inside temperature is mainta 
tioning, If the conductivi 
om. per seo, per degree centigrade, how 
conducted through the glass per minute ? 


Ans, 90000 cals. 
18, Taking the conductivity of iron to 


C what difference of temparabures 
surface of an iron wall 8 om. 


ined at 2070 by air condi- 
lass be 002 calorie por 
ida E much heat will be 


‘be 3017. 0,G- 8. unit Art, 96 
should exist between the 


MEE. Li 
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Reference 


Art. 96 


Art. 86 


“Art. 96 


Art, 96 


Art, 96 
Art. 96 


Art, 96 
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metre of which heat is streaming from a furnace to the boiling 
water at the rate of 30,000 units per minute, 
Ans. 8'8°0. 

14. The opposite faces of a cubical block of iron of cross 
section 4 sq. om, are kept in contact with steam and melting 
ice, Determine the quantity of ice melted at the end of 10 
minutes, the conductivity of iron being 0'2 (Latent heat of 
ice =80 calories). (Pat, U.—1955 ; E, P. U.—1911) 


Ans. 800 gm. 


16. Heatis conducted through a slab of two layers of 
different materials of thermal conductivities of 0'2 and 0'3 res- 
pectively. The thickness of each layer is lom. If the tem- 
porature of two outer surfaces are, 100°0 and 0°O, find the 
temperature of the interface, (G. U.—1959) 


Ans, 40°C 


16. Steam at 100°0 is passed into an iron pipe (1 metre 
long, 15 mm. thick) whose circumference is 10 cm. Water ab 
100*0 collects at the rate of 100 gm. per minute. What is the 
température of the outside? (Conductivity of iron=0'2; 
latent heat of steam =540 cal.[gm). 


Ans. 99'25"0, 


17. One end ofa metal rod, 40 cm. long and 1'6 cm. in 
diameter, is placed in boiling water (100°C) and the other end 
inice. Ifthe thermal conductivity of the metalis 09 0. G. 8. 
unit, calculate the mass of ice which melts per minute. (Latent 
heat of water=80 cal, per gm.) (Mad. U.—1911) 

Ans. 6'93 gm. 

18,: Find how much steam por minute is generated ina 
boiler made of boiler plate, 0°5 cm, thick, if the area of the 
walls of the fire chamber is 2 8q. metres, the mean tempera- 
tures of the plate faces are 200'0 and 12070 respectively, the 


Jatent hoat of stoam is 589 and the conductivity of steel plate 
is 0'164. 


Ans. 60'321 kgm. 


19. The glass windows of a room have a total area of 3 sd. 
metres and the glass is 5 mm, thick. Calculate the rate of flow 
of heat through glass, when the inside temperature is 90°C and 


_ the outside temperature is—10°O. (U. P. B.—1960) 


Ans. 9600 eals/sec. 


90. A motal vessel, 1sq. metrein area, whose sides are 
0'5 om. thick, is filled with melting ico and is kept surrounded 
by water at 100°C. How much ice will melt in an hour ? Ther- 
mal condnctivity of metal is 0'02 0. G. B. unit; latent 
heat ot ice is 80 calories/gm. (Utkal. Y. —1958) 


Ans. 1800 kgm. 


21. A suspended glass cube, each conducting face of which 
has an area of 144 sq. om., is packed with ice and is closed on 
all sides. Thickness of the glass walls is 0'8 om. How much ice 
will melt in onehour? (The temperature of the room is 2070 ; 
i of glass is *0025 O. G. 8; L heat ofice— 80 cal.[gm.) 

(Gau. U.—1904) 


Ans, 2430 gm, 
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92. Water is being boiled inan iron vessel over an oven. 
Find the rate in gm.[seo. at which water is evaporating, ai- 
suming that no heat is lost otherwise. Thearea and thickness 
of the bottom in contact with the oven are 250 sq. cm. and 5 
mm. respectively. (Latent heat of evaporation of water =536 
cal|gm., temperature of the oven=400°0, conductivity of 


iron ="2 C. G. S. unit, boiling point of water =100°0,) 
(Pat. U.—1952) 


Ans, 56 gm.[sec. (nearly). 


93. A thin-walled copper pipe, 6 om, in diameter, passes 
through a water bath at Q'O. Brine at—10°0 is circulated 
through the pipe anda layer of loe, 5 om. thick, has formed 
round it. Find approximately how long it will take for the 
next half millimetre layer to form, (Conductivity of ice=" 

C. G. S. : latent heat of ice=80. cal./gm. and 1 e. o. of water 
forms 1°09 c. c. of ico at 0'0) 


Ans. 533'8 sec. 


94. The effective heating surface of a boiler ja 2 sq. metres 
and the temperature of the two sides of the steel boiler plates, 
8 mm, thick, are 150°0 and 180°0 -respectively. ‘Find the mass 
of water evaporated pet minute after boiling bas commenced. 


Estent nie alter ondactiviiy of atecl=014| 
[Eatent heat of steam 525 cal Jgm. » conduc mot ats 100) 


Ans. 16'8 kgm. 
d with water 


25. A spherical glass of 14 om. radius is fille 
at 100°C and immersed in melting 108 ‘At what rate must heat 
be generated inside the globe. it the température of water 
in it is to be maintained constant ? (Thickness of glass cl mm. 
its conductivity =0'0026). (Raj. U~ ) 

Ans. 61544 eal./sec. i 
early the 


96. One end ofa metal bar is heated, Indicate ol 


factors on which th te of rise of temperature atany poini 
paper t 05121995 ; Utkal U.—106L.5 


R. P, B.—1952, 09; Raj, U.—1963) 


97. Ifa wire-gauze ia held over the flame of a Bunsen 
burner, the flame ec go up through thee vip » e SA 
but remains below it. EX lain this. - (Ve Us 


28. (a) Explain the working of Davy’s Safety DAPP og) 


i ade 
(b) Explain why water can be poiled in roe "m T5 


of thin paper. 


99. Explain why we geb 
breoze during day. 


k during night and sea 
land breeze (Utkal 0,1954) 


30. Explain dom P My of reflection and refraction. 


haat rays like light rays obey l 
i (Utkal T.—1964 ; Pat. U.—1971: P.U» 


: "3 cubes 
31. Describe and indicate the n80 of a Leslie s O. 01961) 


165. 


Reference 


, Art. 96. 


Art, 96 


Art, 96 


Art, 101 


Art, 101 


Art, 104 


Art. 107 


Art, 110 


168; 
Reference 
Arts, 
109 & 110 


Art. 109 


Art, 118 


Art, 110 


Art. 110 


Art. 110 


Art. 110 


Art, 114 


Art, 115 
Art. 116 


Aris, 
115 & 116 


Art, 115 


Art, 116 
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33. Define emissive power and absorption coefficient. How 
ean you prove that the emissive power ofa surface is propor- 
tional to its absorption coefficient ? (R. P. B.—1965) 


93. Aroom heate: is made up of 10 polished thin-walled 
tubes of copper. each one metre long and 5 om, in diameter. If 
hot water at 70°O circulates constantly through the tubes, cal- 
culate the amount of heat in calories radiated in an hourina 
room where the average temperature is 15*C. [Emissivity of 
copper 4 x 107* cal./aec. per sq. cm.], (R. P. B.—1968) 


Ans, 12494 cals 


94. Give an account of experiments to show that good 
absorbers of heat are good radiators. 
(0. U.—1955 ; All. U.—1967) 


95. How will you show that the absorbing powers of diffe- 
rent substances are different? What relation does the absor- 
bing power of a surface bear to its emissive power at the same 
temperature ? (Utkal U.—1972) 


86. Describe Ritchie’s apparatus and its working to show 
that emissive power of a surfaee is equal to its absorptive 
power. (Bom. U.—1951, '64 ; Nag. U.—1956,’69 ; Gau. U.—1972) 


97. What 6o you understand by the absorbing and 
emissive powers of a surface ? 


98. Describe an experiment to compare either the 
emissive powers or the absorptive powers of two surfaces. 
(Nag. U.—1961, '74) 
39. Describe the principle and construction of ‘Dewar 
vacuum flask’ or a "Thermoflask", 
(0. U.—1958 ; P. U.—1961 ; Gau. U.—1963 ; Del. U.—1971 ; 
V. U.—1958 ; And U.—1962) 


40, State the laws of heat radiation and explain Newton's 
Laws of Cooling. (Gau. U,—1964 ; Bom. U.—1963) 


41, State Newton’s Law of Cooling and its limitations. 
How will you find the specific heat of a liquid by the method 
of cooling’? (E. P. U.—1963 ; U. P.sB.—1971 ; R. P. B.—1973) 


49. Give an outline of Prevost’s Theory of Exchanges. The 
bulbs of two identical'thermometers are coated, one with lamp- 
black and the other with silver. Compare their readings (a) 
whenin a water bath in a dark room, (b) when in the sun, and 
(c) when exposed in a clear night. (Pat. U.—1967) 


43. Write notes on the Newton'a Law of Cooling. 
(Raj. U.—1968 ; R. P. B. —1970 ; Dac, U.—1969 ; 
Del. U.—1968 ; And U.—1962) 


14. A metal sphere cools 80°C to 700 in 5 minutes and 
to 62'5°0 in the next 5 minutes. Calculate the «temperature at 
the end of the next 5 minutes. (Bom, U.—1978) 


Ans, 56'875°O, 

46. Explain Prsvost's Theory of Exchanges 
(G. U.—1956, '62, *65 ; R. P. B.—1968 r 
E. P. U.—1960, '68 ; Bom. U.—1962, '65) 


— 


CHAPTER IX 
MEGHANICAL EQUIVALENT OF HEAT 


117. Heat and Work—In primitive ages fire was produced by 
rapidly spinning the blunt end of a piece of hard wood in a shallow 
hole made in & block of softer wood. Sparks are produced when a 
piece of hard metal is pressed against the rim of a revolving grind- 
stone or when a flintstone is struck against a piece of iron. Match 
sticks may be ignited by rubbing. When we work tools like saws, 
files, drills, ete. they are found to be considerably heated. Such 
illustrations show that heat ig produced by friction, 


Again, when a body moving with a high speed strikes a target 
the kinetic energy possessed by @ body gets converted into heat 
energy. Thus, when a body falling from a large height strikes the 
ground, it is found to rise in temperature. Ti a piece of iron is struck 
several times with a hammer, it is found to be heated. Sparks are 
produced when the iron-shoe pub toa horse's hoofs strikes hard 
against a metalled road. The action of a tinder box is a very suitable 
illustration of production of fire by impact. At the time of pumping & 
bi cycle the barrel of the pump gets hot mainly due to the compression 
of air. All these facts go to prove that heat is produced by mechanical 
work, Conversely, heat energy can be converted into mechanical 
energy; as is illustrated by steam engine! 
engines. Such examples naturally sugge 
relation between the work done and the consequent heat produced. 

118. Nature of Heat— Various theories have been advanced tO 
explain the nature of heat. 

Caloric ‘Theory—According to this theory. which was prevalent 
before the nineteenth century, heat was supposed to be an invisible 
and indestructible fluid, called caloric. The fluid was assumed to fill 
material bodies and to flow from onetoan other body at è higher tem- 
d be neither created nor dostroyed, the 


total quantity of heat in a system was supposed to remain the same. 
So the caloric lost by one body of the system must be gained by 
at by friction oF compression was 


attributed to the sqeezing out of the caloris. j 

Rumford's Experiments— While supervising the boring of 
.eannon at Munich in 1798, Ed rq degit pd M 
a well as of the cu ing tools rose 
Modus of «the a red probable that the 


i :ng the process. It appea : 
considerably duis UT si ntity of heat was due to a change in 


generation of such ^ large aM tes a pic aim de 
i a quan! 
the thermal capacity o eii. : d also found experimentally that 


in form, Rumfor 
to a mere change in form pitur [ov argo mass or as Liv 


specific heat of a metal w 
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was the same. He further observed that there was no limit to the 
amount of heat that could be produced by friction. He, therefore, 
argued that considered as a material substance, heat could not thus be 
produced without limit and so he suggested as the alternative theory 
that heat must be a kind of motion. From independent experiments 
the conclusion was arrived at by Sir Humphry Davy. 


Dynamic Energy Theory—It has been assumed that heat is due 
to a kind of motion. Of what is the motion remains the question 
and awaits the solution. According to Dynamic Theory, the 
molecules of a body are ina state of rapid vibratory motion. The 
total quantity of heat possessed by a body consists in the total 
amount of kinotic energy possessed by the molecules by virtue of 
their agitation. In solids a part of the energy may be potential 


energy due to the attractive forces between the molecules. When a 


body is heated, the rapidity of the movement of the molecules. 
increases and so there is a gain in the kinetic energy. When the 
body is cooled, reverse in the case. Hence heat consists in the kinetic 
energy of the constituent molecules of a body. 


119. Mechanical Equivalent of Heat—The generation of heat 
- by mechanical work and the production of work by heat indicate 


C an intimate relation between heat and work. Oareful experi- 


ments show that there is a definite quantitative relation between the 
amount of work done and the amount of heat produced. In other 
words, a definite amount of work must be performed so ss to 
produce a definite quantity of heat. The relation is expressed in the 
First Law of Thermodynamics which may be stated as follows, 
following Maxwell— 

“When work is transformed into heat or heat into work, the 
quantity of work is mechanically equivalent to the quantity of heat. 
If an amount of m. W produces a quantity H of heat. 

i: k OR SANTE .. (119.1) 
where J is a constant provided that all the work done is utilised in 
generating heat and that no part of it is wasted. This constant +8 
the energy equivalent of the unit of heat and is termed the mechanical 
equivalent of heat or Joule s equivalent. Hence mechanical equivalent 


of heat is the amount of work done to produce unit ‘quantity ( one - 


calorie) of heat. It is denoted by ‘J’ after the name of Dr, Joule. 

190. Methods for determining J—Verious methods have been 
devised to determine the value of the mechanical equivalent of heat 
J, some of which are given below. 

(1) Vertical Fall Method—A cylindrical glass tube, about 50 
em. in length and closed at each end by padded porcelain stoppers, 
contains a number of lead shots. The tube is held vertical, when the 
shots collect on the bottom stopper. On now suddenly inverting the 
tube, the shots fall down along the entire length of the tube and 
strike against the lower stopper. If the tube is quickly inverted .® 
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number of times, the shots are found to rise in temperature slightly» 
This is because of the fact that the work done due to the fall 
of the shots is converted into hoat energy which mainly goes to 
raise their temperature. Tt is here assumed that very little portion 
of heat energy is absorbed by the glass tube and the stoppers. So 
this method is an approzimate one. : 

If m be mass of the lead shots and h the height through 
which the shots fall down each time, the loss of potential energy 
due to each fallis mhg: Tf there are n such falls: the total loss of 
potential energy is mngh. So this is the amount of work done by 
the shots. Again, if s be the specific heat of lead and @ the rise of 
temperature, heat absorbed by the system is ms@. Then 

j= mork done mgh nt (190.1) 
heat produced mso. 30 
We also know that loss of potential energy ofthe shots mani- 


fests as the gain in kinetic enorgy, which is converted into heat 
y offimpact, 


each time by impact with the stopper. Tf v be the velocit 
the gain in kinetic energy isimo3-mgh. Thus for » impacts the 
total kinetic energy is dmnv*, Then 

.. (190 2) 


D work done igni no? 
heat produced ms0 250 


J 


Examples : i 
1. A closed card-board tube, 1 metre long, contains some lead shots at AUR 
end and the tube is quickly inverted. so that the shots fall through the who 4 
length of ihe tubs, This operation is repeated 100 times. Find the rise O' 
temperature, if the specific heat of lead is ‘03. 

Ans. It m=mass of lead shots in Bm», the loss of potential energy for one 
inversiou of the tube =mg X 100 be For 100 inversions, the work done 
m x 980 x 100? ergs, taking g=980 om./sec. » i 

Again, heat developed m x 003 X 0, where 0 stands for the rise of temperature. 

H  worküone |..].-4:8x 10", we derive 

ence sinos y t developed : j 

S. 42x10! x mX 08x d mx 980x 1007, or, o=T8- 

H t ed rise in tem eratwre is 78 C. 

dues thidigi & eight of 837 metres. Assuming eli hg 
energy of fall i8 converird into heat, find the rise of jumper NIC he bean 
if the specific heat of the body is 0°0 Given that J= , 
calorie ; g —980 cm./sec. « : 

Ans. Since the K.E, of fall is equal ta P. E. 
mgh-work dpnecJH; where H=heat developed. 
temperature. 


AJ mx ‘049 xX t= mglte 
is 980x8370 
whence t= jx 949 — 418810" X 049 


The required rise in temperature is thus 49°C. 
The apparatus use 


(2) Joule's Method 


at the height, we have 4 m’ = 
Hence, if 1 represents riso of 


1-40? 


d by Dr. Joule consists 


i Fig. 82), having four sets of lateral vanes. 
S.V nd one Me calorimeter is provided with a water- 


V, V soldered to its side. ) pros i pe 
ti id. central opening 1n. a lid is introduced 8 spin 
yet CR xke “of paddles PR: The paddles can just. 
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rotate through corresponding spaces within the fixed vanes. The 
position of the fixed vanes and the paddles attached to the spindle 
ds shown separately in Fig. 83. To a vertical wooden cylinder D 
the spindle S is attached by & removable pin G. Two cords are 
wound round D in the same direction in such a way that they leave 
the cylinder at the opposite extremities of a diameter. The other 
ends of the cords are stretched over pulleys P, P carrying at their 
ends two equal lead weights W, W. To indicate the height there are 
vertical scales L, L through which the weights are allowed to fall. 
‘A measured quantity of water is put into the calorimeter and its 


) 
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Fig. 82—Joule’s Calorimeter ‘Fig, 88 


temperature is noted by a sensitive centigrade thermometer, which 
is introduced into the calorimeter through an aperture in the lid. 


By removing the pin, the cylider D is detached from the spindle 
and is rotated by the hanale H, till the weights are wound up toa 
definite height. The pin is replaced and the weights are released. 
As the weights descend, the paddles turn and tend to communicate 
.&churning motion to the water; but as this is partly prevented 
by the fixed vanes, the kinetic energy of the moving water 18 
converted into heat. Just as the weights are about to reach the 
ground, the cylinder is quickly detached by taking away the pin 

_and the weights are again wound up to the previous height; the pin 
is replaced and the weights are allowed to fall as before. The 
operations are repeated several times and the final temperature of the 
water in the calorimeter is carefully noted. The amount of heat 
necessary to raise the temperature of the calorimeter and its 
falling weights. 
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7] 
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Let the mass of the each weight be : =M gm.. 
» height through which each weight falls =h cm, 
» number of times of fall =n. 
Let water equivalent calorimeter and contents -—mgma o 
= a initial and final temperatures of water =t, O and ta O, 


Es 
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and the velocity of each weight just before 
reaching the ground = cm, per $60. 
-. P. E, possessed initially by the two weights =Mgh ergs. 
Also the K. E, retained by the weights 


just before striking the ground —iM»? X 2 ergs. 
Hence energy utilised in rotating the paddles 
in each fall =(9Mgh — Mv?) ergs.. 


.. inm falls total work done (że. total 
energy utilised)=W= (2Mgh— Mv?) Xn ergs. 
Again, heat produced= Hem, — t) calories. 


My? 
Hence J _W_(aMgh— Ms, ergs per calorie 
H mts —11) 

Precautions wore saken against, and corrections were made for, the loss of heat- 
due to conduction and radiation respectively. The loss of energy ‘due to friction at 
the pulleys was also taken into account. Joule however, took the specific heat of 
water to be the same at all temperatures, the rise.of temperature of water in the. 
calorimeter was very small. 


From ailarge number of readings Joule intially found the mean 
value of J to be 773 ft. lbs. of works per B. Th.U. ; that is, in order to 
produce the amount of heat required to raise 1 lb. of water through. 
1°F, the amount of work to be performed is 773.16. lbs. By using 
a modified form of the apparatus Joule finally obtained the mean 
value at 778 ft. lbs per B, Th, U. or 4°18 % 10" ergs per calorie. 


...(102,8). 


simple and convenient laboratory method for determining the 
mechanical equivalent of heat, The apparatus consists of two hollow 


dise D (Fig. 84). The outer cone O is fixed through an ebonite plug to 


The inner cone C; is partly fill 


bulb of a sensitive thermome : 3 
disc is immersed in the “water. A cord is wound round the circum-; 


ference of the disc D, the end of which passes over the pulley P and 


i ight M at its end . The eylind t 
SEEE, pe B. in which there is a ball-bearing ALT 
The actual apparatus is shown in Fig. 84; a section 
exhibited in Fig. 85. 


As the outer cone O is rotated the i 
same direction by frictional force but in prevented 


by the opposin couple genera z 
T lating ale Satie of the outer gone the ven = inp 
kept suspended in a stationary position. In E lé of rotation. 
the frictional force between the cones about the s 
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is equal to the moment of the pull due to the weight M, The rate 
of revolution of the cone is given by the speed counter S. 


Fig. 48—Friction Cone Method 


Let the radius of the wooden 

» frictional force between the cones = F dynes 

, mean radius of the cones =qacm, 
=n, 


number of revolutions of the cone per sec. 
» water equivalent of the cones and their contents 
and the rise of temperature (corrected for radiation =t0. 
Now the moment of the irietional force about the exis of rotation =Fa 
and moment of the pull due to M about the axis of rotation Mgr. 
© Since for steady position of load the moments are equal Fa-—Mgr. 
Now work done in n revolutions -—9znaF ergs=2%n Mgr ergs. 
_ Also heat developed by the rotations =mé calories. 
A 5 : . 9*nMgr 
"Hence the mechanical equivalent J= mi ores per eal...(190,4) 
~ (4) Electrical Method—Description of this method is given in 
the part of VOL TAIO ELEOTRIOITY. 

121, The values of J in different Units—The most accurate value 
of Jis 778 ft, lbs, per B. Th. U. of heat. This means that to produce 
One pound Fahrenheit degree of heat 778-foot-pounds of work have to 

= bedone. Conversion into O, G, S. unit is done the following manner. 
We know 1 ft.: lb. = 30°48 X 453'6 X 981 ergs. 


and 1B. Th. U.=1 1b. degree Fah.=453'9 x gealories 


8 ft. Ibs, 
1 lb. deg. F. 
.— LTI8 X 8048 x 4530 X 981 X9 ergs 
NES 453'6 X D calories 
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=4'186 X 107 ergs per calorie 
=4'186 Joule's per calorie 


This value of Jis approximately taken to be 4.2 10" ergs per 
calorie. 


Examples = 


1. With what velocity musta lead bullet at 60°O strike against an obstacle in 
order that the heat produced by the arrest of the motion might be just sufficient to 
melt it, provided all the heat produced within the bullet is utilised. (Sp. ht. of 
lead='031 , melting point of Tead=395°O ; latent heat of fusion of lead=5'87 ; 
J—418x p07 ergs per calories.) 

Ans. Suppose the mass of the bullet is m gm. the required velocity is v cm. 
per sec. ; 

Then the K. E, —3mv* ergs. { 

This energy is converted into heat which raises the temperature of the bullet 
from 50°C to 335°C and then melts it, ! 

the heat produced =[m x 0:031 x (885 —50)-+m x 5'37] cal. 
—mx14905 cal. | 
As .W JH, wa must have dno? 418x107 xm 14'905 orgs., 


e TA 

whence v= 2x418 xla 935x107 —9446 x 10%, om, per tec. 

9. A piece of steel of mass 1200 gm. is struck by a hammer weighing 960 kgm. 
dropped from a height of 1'6 metres. wind Ms Ne eee ie a M 
retained by the steel piece whose specific heat 18 '19, oale: 
temperature, / ip DM 

Ans. Mass of hammer- 960 kgm, 96x 10* gm. ; height it falls through R 
metres=160 cm. Assuming g=980 0. G: S., the P. E. of the hammer =96%10" 
980x160 ergs. Just before striking the piece of steel this amount is to be wholly 
converted into K. E. 


Now heat produced = W/J- Taking, as usual, 
gr 90x 10* x 980 160 _ 3584 calories. 


42x10" 

i . Thus the quantity 
Ot this amount of heat only 75% is retained by the steel piece. y 
of heat retained by the steel pieca is (4x 3584) onl, =2688 cals, Tf the ae oi tempe. 


rature of the steel piece be 1*6, then, 
NE x 


= {200x012 
3. Ifthe mechanical equivalent of heat be wed engin. fro ama 
must a mass of water bà dropped in order to raise Pa atap in sahing the 


J=4£2x 107 ergs/calorie, we find 


that all the kinetic energy ie by tho masa of water (Pat. U,—1952) 
iom. $ =980 cm. /sec. , B. 

pier “Tet Es height be ‘cm. Since the K. B. of fall is equall to the P. E 
at the neight. 


1 mv? =mgh, where m=mass of water (in gm.) 
Now  W-JH,or mgh-JB-JXmx0T. Led 
or, 980x h - 1'2X 107 ey Nite hem 286. 
Thus the height asked for is em. 5 VA eis hod soxitatning 2001 
$ imeter weighing 120 gm. (of 8p. i08 
gui of die qoct 05) is kir: by a rotating paddle. If the couple driving the 


paddle is 107 dynes om, and if the rise of temperature’ is 8°C after o pct 
calculate J. 


lexangle turned through. 

i by @ cou e=moment of coup h 
Therefore P4 Phils 1000 P volution the amount of work done by 10 dynes 
om, is = (105 x 2m x 1000) erga gz x 10* 1 orga =W, Bay: 
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Now heat absorbed by the calorimeter and contents ={(120 x 0'1+3901 x 0*5) x8} 
cal, =15700 cal. =H, say. 


ergs/cal. =4'0 x 107 ergs per calorie. 


5. The radius of the top disc of a friction cone apparatus is 20 cm. and a 
weight of 100 gms, remains suspended, whon the speed of rotation is 300 revolutions 
per minute. Calculate (i) the moment of couple due to the frictional forces about 
the central axis, and (i4) the rate of development of energy in watts, (J=4'2 joules 
per calorie ; g=980 0. G. 8.) [R. P. B.—1951] 


Ans. Moment of couple about the central axis=Mgr=(100 x 980 x 20) dyne. 
em.=196 X10 dyne-cm. Also 300 rev. minute=5 rev, second. 

So work done per second —2znMgr —2 x 3°14 x 5 x 100 x 980 x 20 ergs, 
2x 8°14 x 5 x 100 x 980 x 20 


Hence the rate of energy = i9 


joules per sec, —6'154 
joules per sec.=6'154 watts, 


*122. Difference of two Specific Heats of a Gas— If a quantity 
of a gas is heatied at a constant volume, no external work is done by 
the gas and so the heat supplied is wholly utilised in raising the 
temperture of the gas, while the ‘pressure increases. But if the 
volume is allowed to expand so asto keep the pressure of the gas 
constant, an additional amount of heat is necessary to supply the 
energy equivalent tothe external work done. Hence, the specific 
heat of a gas at constant pressure Op exceeds the specific heat at 
constant volume C; by the amount of heat equivalent to the external 
work done, when one gramme of the gas is heated through 1°C at 
constant pressure. 


Consider one gramme of a gas at pressure P dynes per sq.cm. in a 
cylinder fitted with a piston of cross-sectional area A sq. cm. Then 
the force on the piston is P A dynes. 

Now heat the gas at constant pressure through 1°C and move the 
piston outwards through a distance d cm. ` 


The external work done during expansion — P Ad ergs. 

Now for a rise of 1°C the increase in the volume = Ad. 

Let the volume of 1 gm. of the gas at 0°C and under a pressure 
Pbe Vo. Then Ad— Vo/273. ! 


PV. 
973 

From Charles’ Law PVo-—RTeo, where T, is the absolute tem- 
perature corresponding to 0°C, and is, therefore, equal to 273°A, sosthat 


.'. for a rise of 1°C the external work done=PAd= ergs 


`- Hence for a rise of 1°C the external work done=R ergs. 


- This is equivalent to the difference between the specific ‘heats of 
a gas. In other words, 


-gÈ 
Op- Oe (199.1) 


bc 
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Mayer’s Method of 
Mayer used the abov 
mined by Dr. Joule. 


and v 
Now the volume Vo 


Also the normal pressure 


Hence for 1 gm. of | 


Then from. eq 
Whence 


Examples : 


|. 1. How much wi 
of water at 0°C is donve 


Ans. The atmospheri: 
is a pressure of 76 cm. 


.. the pressure= 


When 1 gm. of water. 
is 1672 c.c. p? 


Henco the required. 


pressure it is 0° 
7001993 gm. per c. c.) 


Ans. The normal 
Now tho volame V, of 1 


Thus for 1 gm. of air 


Hence we have 


whence 


2, State the First Law 
is moant by mechanital ( 


178 


Reference 
Art. 120 


Art. 120 


Arts. 
119 & 120 


Art. p20 


Art. 120 


Aris. 
119 & 120 


{ Art. 120 


Art, p20 
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4. How long will it take an electrical heating rod of 420 
watts to heat 100 o.c. of water by 10°C, if no heat is lost? 
(J =4'2 X10" ergs/calorie). (B. H. U.—1968) 


Ans. 10 seo. 


b. Calculate the velocity of æ lead bullet whose - tempera- 
iure on strikingan unyielding target rises by 200'0, assuming 
that the whole of the heat generated by the impact remains in 
the lead. (Specific heat of lead is 0'08.) « (0, U.—1947, '61) 


Ans. 22°45 10* om. per seo. 


6. What is meant by Mechanical Equivalent of heat ? 
How can it be determined experimentally ? 
(V. U.—1954, 59; O. U.—1959; Utk. U.—1903; 


Mys. U.—1962 ; 'Gau. U.—1953 ; Dac. U.—1962; 
iDel. H. 8.—1951 ; Nag. U.—1954 ; Del. U.— 1952, '61; 
R. P. B.—1946, '49 ; Pat. U.—1944, 59) 


7. A meteorite weighing 200 kgm. falls on the moon with a 
velocity of 100 metres per sec. Assuming that all its energy is 
converted into heat, work out how many calories of heat will be 
produced (J =4'19 x 107) 

Ans. 94x10? cal. 


8. A lead ball, dropped from an aeroplane at a tempera- 
ture of 15°O just melts on striking the ground. Supposing the 
whole of its kinetic energy is converted into beat, find out the 
height cf the aeroplane at the moment the tall was dropped. 
(Sp, ht. of lead ='03 ; meting point of lead=350°C ; latent heat 
of lead =35 cal./gm.) (Gau. U.—1961) 

Ans. 19287 m. 


9. One kilogram of coal generates 1°7x10¢ calories of heat 
during combustion. Assuming tbat only #5 of the energy 80 
generated is utllised for mechanical purposes, find the mass of ccal 
required per hour for running a 10 horse-power engine. (1h.Pp.— 
746 X 107 erga per second ; J —4'2X 10? ergs/calorie.) 


Ans, 18806 kgm./hour. 


10. What is meant by ‘mechanical equivalent of heat’? In 
an experiment to determine if 800 gm. of lead shot were placed 
in a long card-bcard tube held vertically, the length of which 
was such that on reversing the tube the shot fell through 100 
cm. The original temperature of the shot was 25°C and after 
50 inversions of the tube the temperature was found to have 
risen to 28:84"0. Find J in ergs per calorie. (Sp. bt. of lead = 
*081, g.=980.) (C. U.— 1950) 


Ans,  4'129X 107 ergs/cal. hd 


11. Mercury falls from a height of 50 metres in vacuo upon 
a perfectly .non-conducting surface. What will be the rise jn 
temperature after the fall, ifthe specific heat of mercury be 02 
and J =4'2 x 10" ergs per calorie ? (R. P. B.—1950) 


Ans, 5840 —— : 
12. A cannon ball of mass 100 kgm. is projected with & 
velocity of 400 metres per sec. Find the amount of heat that 


would be produced, ifthe ball was suddenly stopped. (J=42% 
107 ergs per calorie.) (And, U.—1971) 


Ans. 1'905x10* calories. 


. 
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Reference 
13. A mass weighing 200 grammes falls from a height of Art, 120 
300 cm. If all the energy is converted into heat, find the 
amount of heat developed, (Mechanical equivalent of heat 
z4'2x10" 0. G. S) (Del. H. 8.—1961 ; 0. U.—1960 ; 
Ans. 14 calories. 
14, A block of metal slidés down a rough inclined plane, Axt. 120 


from rest at a point 10 metres above the ground. Just before 
reaching the ground the velocity of the block is 10 metres per ' 
second. It half of the heat produced by friction remains in the 
block, by what amount has its temperature been raised while 
sliding down? (Sp. heat of the metal =0'1) 


Ans. 0°057°C. 


15. A copper calorimeter weighing 200 gm. contains 280 Art, 120 
gm, of water. A mechanical stirrer is able to raise the toma 
perature of water ab the rate of 0'8°0 per minute, Calculate 
the energy in watts used by stirrer. (Sp. ht. of copper =0'1 and 
J=4'2 joules per calorie.) (Mad, U.—1970) 


Ans. 6'3 watts, 


16. A bullet is suddenly stopped and all its energy is con- 
verted into heat causing a rise of temperature of the bullet by 
100"0. If the specific. heat of the bullet ie 0°21, caloulate the 
velocity with which the bullet was moving (J=43x10 i 
bn nere iU 298 

^ 4 

Ans, 49x10* om.[geo. 

17. Alead bullet strikes a target with B velocity of n ou 
Ped persec. Galoulate its rise d somperat of lad 

t i * i e ig. Page's j 
= heat developed Temains in t (P. "U.—1969) 

Ans, 158'7"0. RA 

Art, 120 

18. A lead bullet strikes against a steel armons plats Witt 
a velocity of 480 metres persec, T the bullet falls deai am 
the impact, find the rise in temperature, it being Pd tke 
that the heat produced is equally shared between it a 
target, (Sp. ht. of lead ="03 ; J—4 2x10" 0. Gi 

Ans. 457'1°C, Art. 120 

19. A lead bullet travelling with a speed of 200 metres si 


Second is brought to rest after hitting & target. Assuming 


; s : he bullet 
80% of the kinetic energy i8 converted into Lx NE impaot. 


Itself, find the rise in temporature of the ball in: 
(Sp. ht, otlead—03; Jc 482x107 erge/oal.) (Nas: U.—1968) 
Ans, 126°9°C, Ar 
20. Describe a method for the determination Oe att 190 & 121 
nical equivalent of heat and mention clearly the uni tn tot 


it ism . (U.P.B.— T" p.U.—1900; Nag. U- op 

dE ae E n 

i 

d 21. Describe how the mechanical apes ot heat is 
etermined by the frictional cone mettod; 

(Raj. U.—1903 R.P.B.—1961 ; U,P.B 1961 ; Mad, Vidi 
1680 gm. 

22, A copper calorimeter of mass 122 gm. one requiring Art. 120 


of aniline oil which is stirred by rotating pa of 
couple of 10° dynes om, to drive iti The temperature 


———— Sl 
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LI the liquid is raised 0°C after 450 revolutions. Calculate the 
value of J. (Sp. ht. of aniline=0°5 and tbat of copper =0°095.) 
Ans. 415x107 erg/calorie. 
Art. 190 98. Describe Joule's method for detern ining tho mechani- 
cal equivalent of heat. (Nag. U,—1961, '78 ; 0.U.—1954 ; Del. 


U —1963 ; Bom.U.—1913 ;Gau.U.—1961,'74 ; Poona U.—1963 ; 
(Del. H. B.—1984). 


Arta. ‘ 94. Whabis meant by mechanical equiyalent of heat.?. 
119 & 120 Describe Searle's method of determining the same, precautions 
$ to be taken being mentioned, (B. H. U.—1910) 
Ar.190 . 95. How much work must be done for supplying heat 
necessary to convert 10 gm. of ico at—5°O into steam ab 
100°0 + (Sp, ht. of ico 0'5 and mechanical equivalent of heat: 
=4'2x 107.) (R. P. B.—1902). 
Ans. 30219 x 107 ergs. 
Art. 122 96. Explain how the difference of specific heats of & gasi 
enable you to evaluate the mechanical equivalent of heat, 
(R. P. B.—1969 ; U. P. B—1972) 
Art, 122: 97. Prove that"Cp—Cv =R, ; 
(M.P.B.—1962 ; U,P,B.—1965 R. P. B.—1968) 
Art, 122 98, Calculate the.value of the mechanical equivalent of 


heat from the following data for air :— 

specific heat at constant pressure =0'2875 cal. per gm. ; 
specific heat at constant volume =0'1690 cal. per gm: ; 
atmospheric pressure in dynes per sq. cm. =1'013 x 10° 


3 1 
EU ET 0.0. 
and volume of 1 gm. of air at N. T. P.= 555199; 


Ans. "419X107 ergs per calorie. (U.P. B.—1959, '65) 


Art. 122 99, Specific heat of argon at constant pressure is 01955 
calorie per gm. and at constant volume 0'075 calorie per Lm 
Calculate the density of argon at N.T. P. (J =4'18 x 107) ergo d 
normal pressure —1'0p x 105 dvnes/rq. cm. (R. P. B.—198 ). 
Ans. 1'8X107* gm,/c.c. 


a 


| 


123. Heat Eugines--Th 
heat energy i8 transformed 
principal types of engines, 
and (ii) Internal Combustion 
converted into steam 
the engine, while in 
either a gas Or 8 liquid a 
inside the working portion 

Conversion of Lineal 
from 
rotatory, it can 
Almost in every class 
rotatory motion of a mai 
this fly-weel every other n 
coupling processes. f 

Consider a heavy wae! 
and capable of rotation. ' 
crank rod, is hinged at one 


also hinged at the end of | 


fro within a cylinder. 
and the piston rod ob B 
is provided with : 
Tf now some force acting 
within the cylinder 
ously. All classes 

, 124, Steam Engi 
invented by James 
improvements have 

son and others, 
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The essential parts of a steam engine (Fig. 88) are :— 

(1) Boiler (L)—Here steam is generated by boiling water in & 
strong metal vessel over the furnace F in which coal is burnt, The 
steam is ledaway by a metal tube into a chamber S called the 
steam chest. With the tube there is a regulating key M, by means 
of which the supply of steam into the chest ean be controlled. 

(2) Steam chest or Valve chest—This is a stout box S, into 
which steam is injected’ from the boiler through the pipe. It has 


E. 


Fig. 88—Sectional diagram of a complete Steam Engine 


three openings or ports; the middle one E is connected to the 
exhaust pipe, while the other two A and B lead into the cylinder C. 

7 (3) Slide Valve (or the D-valve) - This is D-shaped valve moving 
within the steam chest and regulating the supply of steam through 
the ports. The slide valve is connected to the rod T through & 
stuffing box Os. The rod is finally connected to the eccentric disc 
X of the main shaft R, 

_ (4) Cylinder O—It is a strong cylindrical vessel communicating 
with the steam chest through the two tubes’ A steam-tight -piston P 
of cast steel just fits and works within the eylinder. The piston. 
works through a stuffing box Oz on the driving rod A which is hinged 
at X o the main shaft R, 

©) Safety valve V—To protect against a prohibitive rise of steam 


B. 
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pressure within boiler iho safety valve is a mechanism for the safety 
ofthe boiler. lf the steam pressure goes above the safe limit, the 
valve automatically opens and a part of the steam escapes, thelpressure 
being thereby lowered, | 

(8) Fly wheel W —It is a large wheel connected to the main shaft. 

Action—From the boiler superheated steam lat a very high 
pressure ( 20 atmospheres or even more ) is led through the pipe 
into the steam chest and thence into the cylinder C through any 
one of the ports say, the right side one [ Fig. 89 (a) ]. When the steam 
enters the cylinder, the slide valve covers the exhaust port and the 
left side port also, 80 that these two are put into ‘communication. The 
pressure of the skeam within the chest pushes the piston P within the 
eylinder along the left side. j 


M— 


SILL LL 


^ ES movement of the piston rotates 
alf revolution whereby motion is communica e 
diso Y to the valve-rod ‘T'(fg 85). ane yates therefore, ger w 
x the opposite Way. When the piston has come to the 
e cylinder, the valve covers the ri 

but opens the left side port LBis- 89 (b)]. The steam now enters the 
cylinder through the other passage and pu 
Opposite way, until it almost comes t0 À 
time the pees i steam goes out through the exhaust pipa- This. 
operation is repeated succesively ; the slide valve oun 

one of the ports alternately just at the proper mo ' 
the piston moves to-and-fro wit 
motion of this piston is eon is 
main shaft through the crans. : b 
( 4.6. Sr. e d the bottom of each stroke Jiho orank y 
connecting rod lie along the same? line, c Pistpelt ; those are 
comes to rest and has no ‘annie effect on Hat hwo points doring 
called the ‘idle centres’ or dead points’. Again, 4 » Ponecting rod. 
each revolution the crank is perpendicular "M maximum. 

ha the PEN Mats - Dae MAT which due to its 
shaft carries a large and heavy á Wale of motion of 
large moment of inertia smooths down merase? ae 

the crank shaft. ruo m Tee 4 
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From the boiler the supply of steam is regulated into the cylinder | 
by a valve known as the throttle valve, which is worked by a 
piece of self-acting machinery known as the governor. If the engine 
works too fast, the balls of the governor move upwards and pull 
down the collar and in doing so operate the throttle valve so as to 
reduce the supply of steam. The motion of the shalt may to | 
communicated to any machinery by means of a belt passing over & 
pulley attached to the main shaft. The type of engine described here 
is called a double-acting engine, for the steam acts alternatly on the 
two faces of the piston and thus produce a to-and-fro motion. 

Condensing and Non-Condensing Engines—The type of 
engine, for which the waste steam escapes through the exhaust-pipe 
into the open atmosphere, is called a non-condensing. engine. Such an 
engine can be easily recognised by the puffs of exhaust steam 
escaping into atmosphere at each stroke of the pisjon. In a conden- 
sing engine, on the other hand, the exhaust steam is led into a cham- 
ber called the condenser at lower pressure. The condensed steam 
in again used in the boiler. The efficiency of the condensing type of 
engine is greater. 

In a railway locomotive the the principle of working is similsr ; but 
there are two pistons placed below the boiler, one on either side of 
the body of the engine. These pistons are connected by crank 
shafts to the large driving wheels and they move backwards and 
forwards alternately. The boiler has a large fire-box at the rear 
and a smoke-boz at the front end. The boiler itself is composed of & 

-large number of tubes, through which the heated gas from the furnace 
goes out into the smoke-box and finally escapes through the chimney. 

125. Efficiency of an Engine—It is measured by the ratio 
of the heat utilised or transformed into work in a given time to the 
total heat supplied by the fuel during the same time. This is more 
often called thermal efficiency. If Q be the heat produced by the fuel 
consumed per unit of time and W be the power developed (7, e. the 

"amount of mechanical work done per second, the thermal efficiency 
Y is given by : 


W 
= — Sa A 
i ps Q d 35: ) 
Thus ? gives the fraction of the total heat conyerted into 
work and is always less than unity, The efficiency of the best type 
of steam engine is not more than 17%. The output energy is 
measured in terms of horse-power (H.P.). An engine is said to 
have one horse-power when it performs 550 ft. lbs. of work per second 
or 33,000 ft.-lbs. of work per minute. Heat.that is taken in. may be 
“measured by the quantity of steam used in a given interval and by 
the initial and final temperatures and pressures of the steam. 
. The power developed by steam pressure inside the cylinder of the 
engine is known as indicated horse-power, which depends upon the 
mean effective pressure of the steam on the piston during a stroke, the 


^ V a 3: Tum 1 
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cross-sectional area of the piston, the length of the stroke and the 
number of strokes per minute, This power cannot be fully utilised 
by the fly-wheel, as by way of friction, weight of moving parts, etc., 
a certain part of this power is used up in the driving the engine itself. 
Thus the available power known as the brake horsepower, is always 
less than the indicated horse-power. The ratio of the latter to the 
former is called the Mechanical Efficiency Thus 
Mechanical pnis; [pc Meinen LR j 
Jj indicated horse power 

126, Internal Combustion Engines—In this type. the combus- 
tion of the fuel is carried, out inside the engine cylinder: These are, 
therefore termed internal combustion engines. According to the 
nature of the fuel used, an internal combustion engine may be (1 
a petrol engiae or (2) an oil engine or a gas engine. | : k 

Petrol engine—This is a type’ of internal combustion engine, in 
which combustible liquids (such as petrol, benzene; etc.) are used as 


fuel. Tt is commonly employed in motor cars and air-ships: 
cp M 


Fig. 
A complete picture of a pet } 
petrol is» stored in the petrol tank pais 
ini essure 1 
ee si NW wes i ram) the petrol is forced inb 
; The quantity of d 
tho e a E key Ki: Within the Da Fe (een 
vaporised and is mixed is a prope o ^ jb auri x : vee 
S f the mixture, wale 4 a As 
atid I va ^ aid the throttle valve S uh rrt 
placed just S the exinde ol a M, "ihe electric current bei 
caused by electric sparks from à plug M, : 
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supplied by a small dynamo ealled the generator (not shown in the 
diagram) which is driven by the engine itself. 1 

Inside the cylinder O an air-tight piston P works, The cylinder 
is provided with two inlet and exhaust valves I and E with projecting 
rods and operted respectively by the rotating cams Ax and Ag, 
which are driven by the main shaft. Each cam has a protruding end 
and is designed to rotate at half the speed ofthe main shaft H. 
In course of rotation of a cam when the end points upward, it pushes 
the valve upwards and thereby the corresponding valve opens. For 
other positions of the cams the valves are kept pressed on the holes 
by powerful springs S, and S.. Hence the opening and the closing 
of the valves are controlled by the motion of the piston. In order 
to prevent the cylinder from becoming too hot during the operation, 
it is surrounded by watier-jacket, through which there is a continuous 
circulation of water (not shown in the diagram), 

The engine is called a four-stroke engine, since the supply of 
the fuel is made Only once during the time the piston makes four 
motions— two forward and two backward. As the first successful 
gas engine was designed by Dr. Otto in 1876. the operation of the 
four consecutive strokes of the cycle is known as the Otto cycle. In 
a complete cycle the four strokes occur in the following order :— 

(i) The Charging Stroke—The’ piston moves down wards, the 
inlet valve I opens and a quantity of the curburetted fuel mixture is 
sucked into the cylinder (Fig. 91, 1), 

(ii) The compression Stroke — The piston moves upwards, and com- 


presses the combustible mixture to about 5th of the volume. Valves 


E and I both remain closed during the stroke and the temperature 
of the mixture rises to about 600°C, (Fig. 91,2). At the end of this 
stroke the mixture is fired by a series of sparks fromthe sparking plug. 

(iii) The Working Stroke— 
Due to the combustion much 
heat is developed. whereby the 
temperature inside rises to 
about 2000°O, and the pressure 
rises to about 15 atmospheres, 

wing to the expansive action 
ofthe gas the piston is driven 
outwards with a great force, 
both the valves still remaining 
closed (Fig. 91. 3). This is the 
only stroke during which the 
engine does work. 

As the explosive mixture 
requirės a little time for full 
combustion, the maximum force : 
of the explosion develops a little later than the sparking of themixture.! 

- Qv) The Eszhaust Siroke—The piston moves upwards. The’ 


`l. 
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exhaust valve E then opens and the spent products of combustion are 
forced out, the inlet valve I remaining closed (Fig. 91.4). : Á 
After the exhaust is complete, the initial condition is attained 
and a fresh cycle begins anew. As the engine receives energy only 
during the working stroke, the fly-wheel must be heavy, 80 that the 
inertia gained by it during this stroke will maintain the speed withou 
any appreciable loss during the next three strokes. In Fig. 90. the 
fiy-wheel is replaced by a heavy counter-weight W attached to the 
opposite end of the shaft. : ie 
Tn a motor car or aeroplane & petrol engine is provided with a number 
of cylinders, the number being a multiple of two (generally, four, six 
p eight or even more/. * ie 
pistons ofall'thecylinders. 
work on the same shaft 
and thereby increase the 
working capacity lor the 
horse-powerof the engine. 
The arrangement of the 
different parts in & motor 
car engine is ibited in 
Fig. 92, w erein À and B 
represent the two cylin; 
ders, M and N the piston 
rods, KORR the peis 
i Fig, 92 —View of Motor Car Engine Li MEE ck yet 
circulation system. Since such 8 type of the engine requires to be star- 
ted by external agency. H is the handle, by the rotation whereof the 
engine is started. There is also 8n electrical arrangement to give 
the first start of the engine ; this is called the self-starting swtich, 
of internal combustion ine 
of air and some oil, The oL 18 


admitted in the form of spray into the vaporiser which is a 
metal tube. Into the vaporiser atr also is ted. The oil evapo- 
d explodes at suitable intervals, In this 
works. In 8 special type of machine, 
of inventor: the cycle. 


case four-stroke cycle also 
galled the Diesel Oil Engine siter the name 
undergoes the followin modification :— Mine :thi 
During the first bor a requisite quantity of air 19 sucked Meere 
the cylinder. During the second stroke the adhe dec eiu 
compressed, so that great heat 18 developed within the he Me thi * 
the temperature rises to about 1500°0. At the beginne slider 
stroke oil spray i8 injected ab a bigh | rn i i The 
containing the highly compressed and intensely heaton a practi- 
mixture catches and burns non k / : 
cally a tend pese During the fourth and the last penus 
usual, the burnt gas i8 forced oub of the oylinder. 
The efficiency of the engine 18 SA 


um 
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‘Adapted to a wide range of fuels from kerosene to tar spray, it is 
very economical. In submarines, in many merchant vessels and for 
various purposes on land oil engines are used. 


Gas Engine—It works similarly asa petrol engine and employs 
‘as fuel à mixture of about 1 part (by volume) of coal gas and 8 parts 
of air. The same four-stroke cycle works and the valves are operated 
n the same way by cams and spring which regulate the inlet of the 
‘mixture and the exhaust. The firing of the gaseous mixture is effected ,- 
within the cylinder by contact with the walls of a red-hot porcelain 
tube or by electric sparks occurring at properly timed intervals. 
The engine is also cooled by water flowing through a jacket round 
the cylinder. 


Comparison of a Gas Engine and a Steam Bogine—The efficien- 
«ey of a gas engine is higher than that of a steam engine and is often 
as high as 70 per cent, while that in a steam engine the highest value @ 
‘ds about 17 to 20 per cent. The former is much free from smoke, 
‘occupies smaller space and may be speedily started. But the fuel (gas. 
or gasoline ) used in the former is comparatively expensive. 


Examples : 


. 4. A petrol engine uses every hour 11b. of petrol which produces 99,000 B. Th. 
U. of heat and has an efficiency of 60%. What is ita H. P.? 
[Gau- U.—1963] 


Ans. We know that Enn 100K oes So in this case the 
input energy 


‘output energy= x 92,000 B. Th. U. per hour=13200 B.Th. U. per hour— 
33200 x 178 ft. Ibs. of work per hour. 
13200x 778 


Now 13200 x 778 ft.-lbs. = ft-lbs. ; 
) f.-lbs. per hour 60x60 t,-lbs. per sec 


Since 1H. P.=550 ft. Ibs, per sec. the output H. P. of the engine 
_ 18900778 _ 1 
60x 60x 550 


9. In drawing a train of weight 210 tons over a distance of 1 mile, the 
resisting force being equal to $5 lbs, per ton, an engine consumes 80 1b. of coal. 
“The calorific value ot a particular sample of coal is such that llb. is capable of 
converting 15 lb. of water at 100°C into steam at the same temperature. Find 
the efficiency of the engine. (Latent Heat of steam —536 ; J=1400 ft-lb. 
degree centigra e.) 

Ans, The total resisting force (35 x 240) 1b. 


“in moving the train through 1 mile the work dono— (385x240 x 1760 x 3) ft- 
Abs. Also heat Q developed by the consumption of coal =(15 x 536 X 80) calories. 


'Hence the efficiency I ALT axiresu igo 7009 4,6, 4076. 


8. A motor car uses petrol whose calorific value is 11x10* B. Th. U. 
por gallon. Running at 24 miles an hour during which the average output 18 
10 H. P., the car covers on an average 20 miles to the gallon, Find the overall 
efficiency of the car. 


_ Ans, Work done 3 =(10 x 550) ft.-Ibs. per sec. 
Petrol consumed per hour ^ =(24+20) gallons at gallons. 


.. heat energy given per 


1. Describe tha princi 
giving a sectional diagra: 
U. 


P. B.—1900, '65 ; jen. 


2, Describe with 
construction of a Stear 
mations of energy which o6 


3, Describe with a I 
Petrol Engine. How does i 
762, 68,5, 
4, Describe the worki 
with diagram. 
p. A33H. P. 
What proportion of 
coal is such that 1 gm. 
100°C into steam at 10 
J=42 x 107 ergs per | 
Ans. 09 
6. A steam engine 
calorific value of the 
engine is used to tarn 
lifts a weight of 140. 
min, and its radius is 1! 
Ans. 5°1%. 
7. What is 
and working of an 
expression Tor its hori 
8. What is the | 
engine and an oil en 


( 


of coal per hour 
to a height of 12 


| 
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SOUND 
CHAPTERI 5 
PRODUCTION OF SOUND 


1. Definition—The term Sound is used to, signify the sensation 
received by means of human ears Also it refers to the external 
cause which produces such sensations, The branch of Physics, which 
deals with the production and propagation of sound, is commonly called 
Acoustics. 

». Production of Sound—It is a common experience that all 
material objects, when properly struck, are capable of producing 
sounds. The most commonly available soundirg bodies ‘poseess 
shapes which may be broadly classified into any one of the following 
types—a string, a reed, 5 bar, a plate and A diaphragm. But, in 
all cases, whenever ay type of them emits sound, it is in a 
state of rapid vibration., This is evident from the following experiments. 

Vibration 0f Stringed Instrument—Stretch | a string tightly 
between two posts on 9 table , 

(Fig. 1). Pluck the string- 

a& the middle part. A noté | 

is heard and at the same iit y 

string appears to be hazy and Fig. 1—Vibrating String 

drawn out. If a small paper rider be placed on the string while 
j emitting sound, the rider flies away. On touching the 


string the haziness of the string disappears | and the 
sound ceases. This’ demonstrates that a string in & 
state of vibration produces sound. To this class belong 


all kinds of stringed instruments, Viz violin, barp, 


sitar, eto. i 

Vibration of 4 Bar—Clamp one end of a metal bar 
to a rigid support, such, 88 $ vice. Draw aside, the 
other end of the. bar and then release it, A dull sound 
is heard and at the same time a blurring of the free 
end is observed. This shows that the rod vibrates 


Fig. 2 while emitting sound. viis 
The most usual source of uniform tone in the labora ry i8 
tuning fork. A tuning fork is 4 steel bar bent in the form of U 


with a stout metal.stem 9 the, bend ( Big. 2 ) 
Take & tuning fork and strike ib with t E 

out a uniform ger Note that the projecting ends of the fork 

appear blurred. ‘This is due to. oe a oa nd oM d.“ The 

projecting ends. Bring a suspenes P 4 be tuning fork. Now 


pithball. is found to jump ‘asido as it touche! tuning 
touch the ends of the fork with fingers i the blurring disappears and 


Pt. I/8—1 


Oo 
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the sound ceases immediately. This proves that the fork while 
producing sound is in a state of rapid vibration. The vibration, however, 
gradually dies away and the sound grows fainter. 


In order to produce a continuous sound, a tuning fork may be 
run by an electro-ms guet. A short electro-magnet M. is fixed symmetri- 
cally within the space between the prong3 ( Fig. 3). There are gaps 
between the pole-pieces and the prongs, which are sufficient for 
allowing free vibrations of the fork, One end of the coil carrying 
the electromagnet M is connected to the stem through a battery 
of cells B, and the other end to an adjustable screw head K. The 
screw terminates in a platinum point which just touches a light 
metal spring S attached to a point. 


In order to start the action of the fork, the screw is made to 
touch the spring. when electrical 
contact is established. ^ The 
electro-me gnet on being excited, 
attracts the two prongs which 
simultaneously swing inwards. 
The electrical contact is thus 
broken and the electro-magnet 

~ js demegnetised. Being released 
from the pull, the prongs swing 
back, when the circuit is again 
completed. In this way 8 con 
tinuous vibration of the tuning 


Fig. 3— Electrical Driven 


4 Faning Hore fork is maintained so long 8$ 
the electrical circuit is: complete. 


Vibration of Pipe Instruments—A pipe can also be made to produce 
a sound. To this class belong flute, flageolet, piccolo, etc. The simplest 
instrument of this type is an ordinary organ pipe which, consistsrof 
a small tapering tube ( Fig 5 ) connected to another 
larger hollow pipe of a circular or rectangular cross- 
section. The other end of the pipe may be open 
or closed. Within the larger tube there is a prism- 
shaped partition wall S almost covering all space 
except a narrow opening, which connects the inside 
and the outside air. Just near the opening a part 
of the outer wall of the tube projects and has a 
bevelled appearance. This is called the lip L 
of the organ pipe. 

When air is forced into the tube at the narrow 
end, it escapes through the orifice and produces 
sound If & small flat dish containing & little sand 
be lowered into the pipe, while sound is being emitted, 
it is found that sand particles. begin to dance at 
some fxed places of the pipe. This shows that air 
within the pipe vibrates at some definite regions Fig. 4 


1 producing sound. 7 
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Vibration of Reed Instruments—To the class of reed instruments. 
belong clarionet. aboe, harmonium, ete. A simple reed is shown 
in Fig. 5. The air is forced into a rectargular tir chamber throvgh 
an opening, at one side of which there in attached a thin metelh 
foil called the reed. In course of streaming into the pipe the air 
periodically presses ageinst the reed which is thus made to vibrate 
rapidly. A magnified figure of reed, fixed to the sir chamber, ie 
shown in Fig. 6. If the reed is touched while sound is being emitted. 
the sound stops. This shows that while producing sound, the reed’ 
is ina state of vibration. / 


Vibration of a Bell Jar—In addition to these, there are other 
sounding bodies such aa bells, plates and diapbragms To show the 
vibration of a jar while producing sound, take ® glass jar and -pour 
come water into it. Suspend one or two pithballs from a suitable stand 
so as to touch its i 
rim (Fig. 7). Bow 
at an edge of the 
jar when a peculiar 
note is heard. Water 
within the jar is 
also thrown into 
violent agitation and 
the pithballs keep on 
jumping aside. This 
indicates a rapid 
vibration of the jar. 


To produce soun 
from a gong Or 9 
bell, it requires to 
be struck with a hammer. , 
a violent blow. Due k bug yen f 
emits a note. The vibrational ; : 
felt by lightly touching it with fingers. Sounding 
example of vibration © T 
while emitting sound, all bodies must be ar lonjar oop aap 
Even massive bcdies (ga ® table or ey user n 
into vibration. The branch of Acoustics 


vibrations of various bodies producing ad necessary—In order that: 


3.. Propagation of Sound: Med to another, some sort of o 
sound may propagate fom one Place following experiment helps 
material medium is always necessary. The fo 
i5 derstand the fact. n i 
^de se Bxperinent à slate Pl DUIS ro fied 
glass jar by two metal rods, which project one" a battery of 
with binding screws: 8) The jar can be 
cells to the electrodes, 
placed on a round table W i 8 
When the bell yos ba K On A ađually evacuating the receiver 
distinct- ringing sound is neart 


O sss 


4 INTERMEDIATE PHYSICS 


the sound grows fainter and fainter. When it is’ almost completely 
exhausted of air, the sound is, almost inaudible.* 

4 Tt now air is slowly re-admitted into the receiver 
by partially opening the &top-cock which is fitted with 
the pipe, the sounds becomes gradually stronger, til 
when the jar is again full of air, the original sound 

is regained. Toe air surrounding the electric bell is, 
‘therefore the medium, through which sound is 
conveyed. 

Tt the jar be filled with any gaseous medium or a 
liquid or a solid, the sound of the bell is heard. This 
proves that not only air but also any material 
medium (either a solid or a liquid) can transmit sound 
more or less. If the above experiment be repeated with the jar filled 
with carbon dioxide in place of air, similar result will be obtained. 
Any sound made in water is distinctly audible to a person under 
‘water at a distance, Bound of the rotating propeller of a ship can be 
heard from & submarine miles away. Again, if a watch is placed 
on ona end of a long table, the tickings can be heard when the ear 
ds placed in closed contact with the wood at the other end. In fact, 
any medium that possesses continuity of structure and elasticity, can 
“transmit sound through it. 


4, Motion of Medium in Propagation of Sound—We are now 
to invastigate in what manner sound travels from one point to another 
in a medium. We may make a preliminary conjecture by considering 
the following probable methods of propagation. 


(1) The medium moves bodily from one region to another, carrying 
eund with it, just as a railway compartment carries passengers 
from one place to another. 

(2). Or, the. medium as & whole. is; (stationary, but sound is 
$ransferred from point to point, within the medium due to some motion 
within it, somewhat like the motion of wave oyer the surface of 
water. Here the mass of water as a whole does not move; bub the 
motion is conveyed by the up-and-down motion of the waves. The 
following experiment supports the latter view. 

TONS a a 

hollow pipe (Fig. 2 

9), about 6 feet A A 
long and having r 
‘a diameterot 2 ` nre 
to 4 inches. One 

‘of its ends is |. 

provided with & Fig 9—Propagation of Sound 

conical mouth-piece with 5 gradually tapering end F. lt is held 


BF 


———— 

ET, tm. Wes is Mn "n ee the inside of the receiver is soa 
uous. The reason is that soun arily finds it he materia 

medium of the bell, eto. Last aet eias E 


T 
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horizontally and some emoke is introduced into it through. the 
wider end A. A lighted candle © is placed in such a way that its 
fame is just against F. On smartly clapping two blocks’ of wood 
near the end A, a sound is heard and the flame is found to be ducked 
immediately, but the smoke is not forced out. This indicates that 
a momentary disturbance passes through air without, however, 
causing it to be’ pushed out. Such a motion of the disturbance 
constitutes the propagation of sound in air. More ‘about such: 
motion would be considered in the next chapter. y ös 


ExmnOISES ON OHAPTER I " 
Ag ji ids Referonor 


1, Describe experiments to show that it is the mechanical Att, 2 
vibration which produces sound, | (Pat, U.—1963) nito 
Arb 2 


2, Draw a diagram to show. the working of ‘an electrically 
driven tuning fork, ) (Raj. U.—1959) . 
3, Explain why a medium is nue ape ihe paio of; Art. 3 
io prove B a ^ $ 
sound and describe any experiment to p» MC. U 1953) 


4. How can you show that there is no, translatory motlon 
of air during the propagation ot sound through it?) mie; f : zin 


i, hE 01 
cern an nen E 
WAVE-MOTION - | 


E iodie Motion—A particle is said to execute & periodic 
d Bv each. equal interyal of time it occupies ane same 
position having an equal velocity in the same direction. fee mad 
has & periodic ‘motion round the SUD. the period of gehen oí the f m 
being one year. A uniformly rotating point on ;À circular | Jm a 
another illustration of & periodis motion. Tt has been eon ani in 1 
that all bodies emitting . 5° are, in & sya of rapid v wh ee 
Sounding bodies execute periodic motion, We shall now investigh p 
jodie: motion, which is called the Simp! 


the simplest type of peri 
common illustration of 


Motion—A Very Cu 2 
i : i -ted as S.H.M.) is the motion of f 
simple go ppt The motion of & particle i 


simple pendulum for Sma eect rada 

i scillates cally in a st ) 
line under the a0 V os portional to the distano 
of ibat particle from 9 certain fixa point in its courses the directio! 
of the force being always Lh 

i initi tio energy, be movin 
i , possessing some initial kine € 

Se partiele de Ris Al. Suppose dt Lo es sac Wes 
the particle is directed towards a fixed roint Y, SR ign 
to the distance of ihe particle from this point. 4$. 
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eontinues to move towards A’, this force gradually increases in 
portion and retards the velocity of the particle. Ultimately the 
——— 2, particle would reach an extreme 


A 0 M A position, say A’, where it would lose 
eX» all kinetic energy and would be at 
Fig. 10 rest fora moment. But here the force 


upon it towards O is greatest. Due to 
Ghis is begins to move in the direction A'O. As i5 moves nearer and 
mearer to O, its veloci;yy is gradually increased. When it ultimately 
‘comes to O, its velocity is greatest and owing to inertia it swings 
-past this point along the direction OA. On crossing the point O along 
OA the direction of the force is now reversed, because the body is 
now on the other side of O. Its motion now gets gradually arrested 
antil it is brought to rest ab some point A. Due to the absence 
of any other force considerations of symmetry suggest that OA” is 
slearly equal to OA. From the point A again, it will move in the 
direction AO and for a similar reason travel up to A’, Thus the 
particle will continue to oscillate backwards and forwards about 
-its position of equilibrium. This type of motion is called Simple 
Harmonic. 
Motion of a Simple Pendulum—The nearest approach to an 
S. H. M. is the motion of simple pendulum for small oscillations. Let 
O be the point from which a spherical bob of mass m is suspended 
.by a light inextensible string (Fig 11) The equivalent length of the 
;pendulum is the distance between O and the centre of the bob. When 
the pendulum is at rest at A, the tension of the string balances the 
«weight of mass m, and so this is its position of stable equilibrium. 


uO When the’ bob is so displaced that the 
string makes a small angle 0 to the vertical, the 
&ension of the string and th» weight of the bob 
are not acting in one line. These two forces 
«would produce a resultant motion of the bob. 
To find the resultant force we can proceed 
from the following simple consideration. In the 
‘displaced position the tension T of the string 
“balances the component of the weight mg of the 
ibob along BE, which is OB produced. 


^ 4 T=mg cos 0. 
~ The only effective force is, therefore, mg sin 0 
acting along BD. Since 0 is small, not being S 


| 
V 


much greater than 4°. x 


T AB displacement 
(0) sin gag =ABu displacement , 
Wiser hoa OA length of pendulum ` ma 


i 


Db} -----------... Di 


"Hence the effective force Te X displacement. Turc 


> The shows that the motion of the simple pendulum is simple 


"harmonic, 
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7. Geometrical Representation ot S. He M.—The nature of 
Simple Harmonic Motion may be conveniently represented by the 
following geometrical method. Imagine a point P. to. be moving 
uniformly on a circle (Fig. 19) and let this rotating point starb from 
the position Y' in an anti-clockwise direction (Fig. 12, i). 

() Gi) (ii) o) os 


e) (si) SN ED 
Fig. 12—Various Positions of 9 Particle executing 8, E. Me odi 

On any diameter XX' drop the perpendioular PM. nom iP 

(Fig. 12. i). As the point P revolves bn She deu mores long 
+ of the perpendicu Pa ve 

head towards X, the foot O ire ig ilustrat ed in Fig 19 (i) by an 
intermediate position at Pa, the corresponding ke the poet 
cular being Ma. Thus when the point P moves Ml ds 
also moves from O te X (Fig. 12 
moves over the aro XY, ia oi of hA 
towards O in the reverse jrection 88 BOUT. ^ 
P has Con EN to the position Y, j? p 2 sot at O but tends 
to move in the opposite direction e ege : 
easy to follow that during the period i peip a pees 
one revolution round the circle starting from. „ Paia f equilibrium O 
has undergone one osoillation bi bur ys rate un à 
Thus while P rotates cont nuoUBy OY ; / 
speed, the point M oscillates to-and-fro anne : j^ ape roma 

This circle is known a8 the circle of epg the “anti-clockwise 
point is called the generating point, ifs nS oi the circle is taken 
direction being taken positive. o conte ‘co-ordinates. 
as the origin of the rectangular ania rant, the anglar velocity 

It T be the period of revolution of the point, dix us 103 ATi 1) 


n 1 n ‘by w” zT à 
« of the radius OF A r second of the generating point over 


The number of revolutions Der Senay i The 8, 
the niche tod etal is called its” frequency . it is denoted by 
| pu 2 (09 


thé per dicular moves from X 


Plainly, then, »=1 T. 
MEL Onn ET aoe 


} 
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It is: clear that) the number of complete oscillations of the particle 
M: would be identical with the number of revolutions of the generat- 
ing point P. Hence the frequency is also defined as the number of 
complete oscillations of the particle per second. 


8. Analysis of S. H. M.—The instantaneous displacement, velo- 
city and acceleration of a particle executing simple harmonic motion 
can be deduced in the following way : 


Displacement in S. H. M.—The displacement at any instant of 
a particle executing S. H. M. is its distance from the position of 
equilibrium! at the instant. Record the time from the instant the 
particle M passes through O in the positive direction (Fig. 13) 
Suppose that in time ¢ it moves to an assigned point M. Then its 
displacement is OM. 


In order that the foot of the perpendicular may have travelled 
from O to M, the generating point itself has moved from B' to P 
over the circle (Fig. 13). Let the angle B'OP the equal to 6. 

<. the displacement OM=2=OP sin 6. 8, 1) 

It is evident from (8, 1) that the displacement œ depends upon 
the angle 0. Hence as the point P rotates, 0 changes. Thus the 
displacement attains at A a maximum value which is positive in 
sign when 60-90" and at A’ a minimum value which is negative in 
sign when @=270°, The maximum displacement from the equilibrium 
position O of the particle is called the amplitude of vibration. 


Thus OA =the amplitude 7 a, say. 
Since 0= wt 2E gant, i$ follows that 
2 =a sin =a sin ot 
uiris .. (8, 2) 
=q sinsa sin 2nnt | 
: Any one form of the above expressions represents the displace- 
ment of the particle at à time i. 

Tf, however, the time is recorded from where the generating 
point passes through any other point P' (Fig 14) and if it has come 
to P in time t, then ZP'OP =o}, go that 

ZBOP= ZP'OP- ZPOB-ot-«. 

Accordingly, € ^a sin (9i =a). : ..8,8) 

Velocity in S. H. M.—The velocity of ‘a particle executing 9n 
8. H. M. changes from point to point iu the ‘path, attaining 8 
maximum. value while passing through the origin. At the extreme 
ends of the swing it comes momentarily to rest while changing its 
direction of motion. The velocity of the particle at any instant 
may be found with reference to the generating point P which 1s 
reyolving round the circle at constant speed v, say. If the angular 
velocity be œ and the radius of the circle be v, then v 7a. 
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At any instant the generating ‘point P has a tangential velocity 
v along the tangent PT of the circle (Fig. 14). The component of 
this velocity parallel to the direction A'A is the velocity of M along. 
A'A. Draw PV parallel to AA. Then ZVPT- Z BOP 79. 


Wl 


Therefore the component of velocity along PY is V cos Z B'OP- 
So the velocity of M at that point 18 given by ^ ^ Ws 
v0 cos p=ae cos mi. pn) m -- (8,4) 


Fig. 18 Fig. 4 


Jt is now clear that x MN W Mi ERAY 
G) When 070. — . velocity =a”, being nine Mie 
along the positive direction ; . 
(i) when 6790", velocity =0, being minimum i ! 
(iii) when 9-180, velocity = =a, maximum “along the, 
Nr negative direction ; d 


(iv) when 8:210", velocity =0, being ‘again minimum ; 
and (v) when 0-7 360°, velocity = aw, being once again maximum 


along the positive direction. 


Thus during one complete period of. revolution the velocity ds zoro 
ai either end, of the swing and is macimum when passing either, way 
through the origin. , Mon i eet wal gales 
ainted wit iments of ; culus, 
wil ton Mat yes to find instantaneous velocity v feothe 
erresponding displacement 7, in the asin way. Displacement being: 
^ da ; "i 
x ; corrsponding velocity =? “ai di la pu ae cos ol. = 
i eds 9 i of velocity 
Acceleration in S. H- M,—Since there d$ * change © 
from oa to point of the particle executing yir p 
a certain acceleration at any ;poim in its p? adis ot i. pas ag br 
generating point P mee ir pian ; N 
a velocity v, it is ShOWD 1» (amies. m. "T 
acceleration f directed always towards the iced the msgnitulo oa 
which is e*/a. The component of thie, soie on par 
is the acceleration of the particle M Wie k ate ure V" i 
Suppose the generating point occupies the Po ^ 
rere o GE Vis point i Bist sowara O, Tho component 
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of this acceleration parallel to A'A is along PF, which shows that 
the particle M has an acceleration directed towards O. 


s 
The component of the acceleration along PF is - sin A B'OP. 


2 
4. the acceleration of M is given by f= ee sin 0. 


Now since v=»; f=-o%a sin 0= —o*a sin ot. ka AGIS 


The reason why the negative sign is affixed to the expression is 
that the acceleration of M takes place towards the point O, just 
opposite to the direction of A along which displacement increases. 


It follows from (8,6) that when «£209, 360°, etc., the acceleration 
f is zero, Again, when ot=90°, 970°, ete., f is maximum either 
along the positive direction or along the negative direction. 


The force acting on the particle M of mass m at any instant is 

given by 
mf = —mo*a sin 0 
= —mo* x displacement at that instant. ... | ...(8,7) 

Hence force « displacement. 

As this is the essential condition of S. H. M., the particle 
‘executes Simple Harmonic Motion, and the relation (8.7) is charac- 
teristic of S. H. M. 

In case of acceleration also, the expression can be obtained from 
Differential Calculus in the following manner. We know that the 
velocity expression is given by v™=aw cos ot. 


Now acceleration wt [aw cos ot]= —aw* sin wt, which is 


tho: same equation of as that obtained in eqn: (8, 6). 


Phase in S. H. M.—The phase of an oscillating particle is the 
factor which determines its position and velocity at any instant in 
its path. It is generally expressed— 


either (i) by the angle traced by the generating point with 
reference to one of the co-ordinate axes, as in the first form of the 
equation (8,2). 


or (ii) by the fraction of the period elapsed since the particle 
‘passed the equilibrium position as in the other three cases of» the 
self-same. equation. 

The phase of the particle at tha instant, from which time is 
recorded is called epoch. Thus in equation (8,3), when 1-0, the 
phase is —4, which is tho epoch. The algebraic sign of the epoch 
may be positive or negative depending upon the position of the 
particle from which time is counted, 

Examples : 


1. A particle is revolving in a verticle clrcla of radius 2 foot at the rate of 
400 revolutions per minute. Find its period and angnlar velocity. Also obtain an 
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expression connecting the time and displacement of the foot of the perpendicular 
dropped from this particle on a horizontal diameter of the cirole when the time 
is reckoned from the topmost position of the particle, 


Ans, The frequency n of the particle=400 cycles per mine per sec, 
=1 23 590,20: 
the period T ian sec,=0'15 sec, 


Also the angular velocity w=2rn= (2 x8'14x D) radians/sec.=41'86 radians/seo. 


=2400° per sec. ' 

The amplitude a is always equal to the radius of the reference circle. 
Hence a=2 ft. For /—0, the partiole is at the topmost position of the cirole 
and a perpendicular dropped from it would have its foot at the centre of the circle. 
Hence at the instant (—0 the displacement of the foot z—0. This can only 
happen when of all the expressions for B. H. M., oholoe falls upon the equation 
2-40 sin wt. d 


By substitution we get 2=2 sin rt 


2. The time displacement equation of a particle executing an B. H. M. is given 
by z23 sin 10%. Find its amplitude, frequency and maximum velocity while 
passing through the centre of the path. j i i : 3 

Ans. Elementry Trigonometry suggests that the maximum vaine o 
sing of an angle pel Hence the maximam value of the displacement g, ts dM 
amplitude) is 3, in whatever unit of length it is expressed. From the ed 
is noticed that. : 
oyoles/se0,=1'59 oyoles/sec. 


5 
2rn=w=10, Hence the frequency nana : 
i r 80 units of length 


Further, the maximum velocity attained lac auc (9X10) L 
per second. 4 


fon of S.H. ince the displace- 
9. Graphical Representation of S.H. M.—Since th ( 
ment of a Porn executing an S. H. M. changes with time, we ean 


Fig. 16—Graphi 


represent graphically the relation’ between t displacement Tet the 


fraction of the period and the corresponding 


t i - 4 ving 8n f / 
partiol ate along the line BOB hav s a circle with BOB 
OB' (Fig 16) Take the period to be T. Draw S Serenoa n point is 
| as diameter. Now assume that on this oir Divide the circumference 
revolving uniformly with a time Der $ ' por the sake of convenience 
into any number of equal parts tar i oH hi i ; 
and simplicity take m to be a multiple 
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"s Draw a diameter AOA’ perpendicular to BOB’. Produce AA’ tos 
point X and mark two points R and L on this line a5 a convenient 
distance. Divide the length RL into m equal parts. Let the line 
RL represents the time axis witha unit of T/m: From R draw the 
perpendicular RY, along which the displacement of the particle 
executing S. H. M is to be measured. Represent the positive and 
negative displacements by ordinates drawn above and below this line. 
In this particular case as shown in Fig. 16, m is taken as 12; 


Referring to the S. H. M. along BOB’, we record the time. when 
the particle is passing through O along the positive direction. On the 
reterence circle the corresponding point is A whent=0. So for zero 
time, there is no displacement. After a time T/12 the particle 0n 
the reference circle is at P, where arc AP is yth the cireumference 
of the circle. Through the point 1 representing T/12 on the axi 
RX draw a perpendicular in the positive direction and through P 
draw the line parallel to RX. Let these two lines meet at 8. Then 
S is the first point on the time-displacement graph. Tho next 
position of the reference point after an interval 1/12 is the point 
Q and the corresponding time on the line. RX is at 2. Draw two lines 
through the points marked 2 and Q so as to meet at U. Then Uis 
the second point on the graph, In this way we get points H, V, W 
ete. During a complete period if such points are joined in succession, 
a complete sine-curve RHZL (0° to 360°) is obtained. 


The nature of the time-displacement graph does not depend o 
the direction of vibration of the particle, since displacement in the 
positive direction is to be designated by a perpendicular standing 
aboye the time axis, and a displacement in the negative direction by 
& perpendicular below it. 


10. Motion of Wave—When a particle of an elastic material 
medium is displaced slightly from its position of rest and then released, 
it begins to oscillate due to its inertial and elastic properties. This 
particle is bound to all other particles around it by a kind of a tensile 
foree and the neighbouring particles behave as though they Were 
fastened to it by elastic threads. Consequently, in course of vibration 
this particle makes its neighbours execute a similar motion. When 
such a state of motion is handed on by a particle to its neighbours, 
the process of transference is called a wave-motion. There are, 18 
. general, two kiads of wave motion. 


Transverse Wave-motion—The most familiar example of the 
wave-motion is the motion of waves on the surface of water. Fig 17 
represents a rectangular vessel partly filled with water and provided 
with a flat piece of wood S at one end. The plank may be periodi 
cally moved up and down so as to generate a series of waves as shown: 
The topmost position of a wave is called a erest and the lowest 
position is called a trough. The distance between two successive 
crests equals the distance between two successive troughs. The 
length (such as AC) occupied by crest and a. trough is. one wave? 
length and is denoted by A. The inherent tendency :of such 5 


I 
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| group of waves is to move away with its characteristic form 
unchanged. At some 
particular instant the 
position of a wave is 
denoted by the form 
APODE (Fig. 18); but 
86 a subsequent in- 
tant the wave moves 
r ati ba In | occupy 
i] posit 4 
Fig. 17— Water Wayes p Babe. hf $ d 
wave with its form wnchanged moves continuously. ‘over the surface of 
water with a definite velocity. 158 PIRA REB wa ys 
Now imagine that a very light object (¢91 al piece .of cork) is 
floating on water. When the waves pass by, this object continues 
to move up and down. On examining ‘minutely it is found that 
during the time such a wave moves through a distance from one 
crest to the next, or from one ‘through to the next, the small floating 
object would once move up and down. The time required for 
the particle to move once up and PP 
down is called the period of the 4 
vibration or of the wave passing | 
through the particle. Hence we qx ; 
may also define the wave length Aa i "e 
as the distance traversed by the 


ui 


wave in one complete period of Dd 
the wave. Thus the pario Fig. 18 
which ‘vibrates 7 times per second, a: oA od oi jendis A 


would transmit m waves through ij in one F 
Hence the velocity. V, with which & motion is carried Audire any 
point of the medium, would be mh per second. So that V= 74. 


Therefore, & wave-motion x Nous bx in 
wave oscillates at right angles J . T 
waves, is called a Transverse ‘ave-motion. cam Sakai 
verse waves may be examin in uniform rop "a 
freely from a support. If the 
motion in a direction at right 
gradual progress of the transverse waves may 


t int. | 
Eus onstration of transverse wave 
19. A number of straight avd parallel 


rods, each provided with ® small ball a^. ) A 
esde Shall js fitted to a stand., Bach i. TA eds 
tole of a crossplece ab the top of the stand. js i^n Er dicts 
have got a common axis of rotation. en ad od Aa 
revolved, the motion of the balls at the top an Jogos Hall makes 
the ripples Note that during the period e particulis tance 
a complete oscillation the wave curve moves 


equal to the wave-length. | 
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In ,all cases of transverse wave propagation one comme 


a peculiarity is to be roted, vis, 
PoP that each individual partic 
li l executes a periodic motion, wil, 
ao HTTTH the wave curve moves uniformly 
in a ‘straight line. It is thus 
possible to convey a continuos 
periodic motion from one part 
of the medium to another by 
producing a series of waves sf 
any part. For example, if we 
set up waves at one end of the 
rope, any point of it moves 
periodically, so long as wave 
are produced. But every motion 
is invariably associated with 
kinetic energy. Hence we may 
say that a wave [orm carries 
Fig. 19 kinetic energy with it. It is 
due to the effect of some form of the transverse wave that we 
receive heat and light energies from a source, 


Longitudinal Wave-motion— This is a type of the wave-motion 
in a medium in which the particles in the path of the wave oscillates 
parallel to the direction along which wave movea. 


Considor a horizontal row of equally spaced particles in 8h 
j: elastic and compressible medium. The positions of the particles in 
i an undisturbed 

| condition are indi- (ea buBMwo fo 4,00 . 2-18 "08 
cated by the dois 
marked 1, 2,3, 9, 
(Fig 20). We as- 
sume that the par- 
ticles are bound to 
each other by some 
elastic force. To 
the first particle a 
motion is given to- 
wards the second. 
As the first parti- 
cle begins to move 
towards the second, 
the space between the first two particles diminishes and hence the 
Pressure on the second particle increases, as indicated by the proxi- 
| mity of the first two particles in the second. row. The increase of 


pressure causes the second particle to move towards the third row, | 
and so on. 


Again, when the first particle hag gone over to the extreme posi- 
tion as indicated in the third row, the force of restitution imparts to 
iv a tendency to come back to the original position. So it begins to | 


Fig. 20— Progress of Longitudinal Wave 


ART. 10 "WAVE-MOTION 15 


retrace the path, while due to the forward inertia the second 
particle still continues, to move in front ‘and passes on the third 
particle which in its turn begins to move forward (4th row), The 
space between the first two particles now increases. Due thereto a 
state of rarefaction is brought about between the two. In this way a 
state of rarefaction is transferred from ‘parilcle to particle. The 
condensed and the rarefied parts follow each other with a definite 
velocity within the medium. The combined thickness of any two 
consecutive and rarefied systems of particles constitutes a wave-length 
of longitudinal wave. After the first particle has completed a period 
of vibration, the displaced positions of the successive particles are 
shown in the last row Q: I 

When the periodic motion is persistent within the medium, the 
sequence of motion as shown by the eight rows (Fig. 90) is repeated 
over and over again for all particles surrounding the source. 


Propagation of sound waves through a gas is an example of longi- 
tudinal wave-motion. The wave-length A is the combined thickness of 
a condensed layer and à rarefied one, the waye velocity V is the 
product of the frequamcy mand wavelength; ie, Vc 7A. o - 


Crova's Dise— 
The nature of the 
continuous state of 
motion of the parti- 
cles of the medium 
during a longitu- 
dinal wave propa- 
gation is difficult 
to realise, To make 
some idea of the 
actual. state of 
motion in a longi- 
tudinal wave propa- 
gation, the follow- 
ing simple experi- 
ment may be done. 

Draw small circle 
and mark a few 
equidistant points 
(8 points in Fig. 21) 
on the circumfer- 
ence of this circle, 
With the first point 
as the centre draw Fig. 21— Crova's Dise 
a small circle and 5 


number it as 1, itae i 

Then vi a eod pint e th opea St ir with te 
a slightly longer radius, In this way ; 1n; 

third. uds id eighth points as centres and with equally increasing 
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radii. Such a diagram was constructed by Crova and hence it is 
called after his name, Place a disc on a turn table so that it can 
revolve with the centre of the smallest circle as axis. Mount a card 
board provided with a long rectangular slit in front of the disc such 
that a small region of the circles drawn is seen through the slit. On 
revolving the turn table, the small circular arcs keep on moving about 
the slit so as to represent waves of condensation and rarefaction 
following each other in the propagation of the longitudinal waves, 


Examples : 
1, Bound travels in air with a velocity of 380 metres per recond at 0°0, 
What is the wave-length of a note of frequency of 200 per second ? (B.H.U.—1950) 


Ans. Since V=nj, the wave-length À, for a frequency 200 per sec. is given 
by 200 x2, =830, whence 4, — 1:56X1 m.=165 om. 


2. A tuning fork vibrating in afr sends waves of length 100'6 om. The 
same tuning fork sends waver of length 882'4 om. in hydrogen. If the velocity 
of sound waves in air be 832 metres per second, caloulate the velocity of sound 
in hydrogen. ; (V. U.—1950) 


Ans. We know velocitys(frequency)X(wave-length) If the frequency of fhe 
tuning fork be ^, then n=$8900/100°6 = 380, 


^. the velocity in hydrogen=n x 3824 = (380 x 382'4) = 196190 om,/sec. 
11. Expression for Progressive Wave-motion—Assuming that 


the motion of every particle in & wave-motion is simple . harmonic in 
nature, the displacement y at any instant tis by (8,9) represented by 


«(Qe ) 
=a —i- 
y=a sin (= X 
=a sin (z vt-«), since vat QU. GLN 


; Now for a phase rotation of 360° or 27 of any single particle, the | 
wave moves through a distance 4. Hence for a unit phase rotation 
the waye moves through a distance 4/27. Thus for a phase rotation 


X, the wave must be at a distance bs froma point whose epoch is zero. 


Take this point to be the origin. If the distance from. the source of 
the vibrating particle be denoted by r, we obtain 


Ax Orr ^ 
= x= — 
r on or 4 


. 


<. y=asin 2x (vt — 7). cis i 9) 


where y=displacement of the particle at time t, a= wave-length; 
v= velocity of propagation and x= distance of the particle from, the 
origin. 

Wave-front—In a homogeneous medium a wave is propagated 
rom à point source with an equal velocity in all directions. At any 
me the propagated wave lies upon the surface of a sphere, whose 

radius is equal to the product of the velocity and the time, On this 


i 4 
mc 
i : è 
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sphere the state of motion ( 

all points. Such a surface 

called an wave-front. When, 
distance, the wave-front has a 

it is a plane surface. lh 


12. Mechanism of Transm 
We shall now examine the s 
waves propagate through it. 
sound. Its vibrations cons 
Each complete vibration comp: 
back to b. This movement 


called the period. eA 


— 


abcO 
LY u 
\ 


A 


COMPRESSION ——>| 


——— 
abc 


(0) R AI 
\ 1 7 al 
\ 1 
Br | 


L«— RAREFACTION — 
Fig. 21—0ompression 


, Imagine the undisturb: 
into thin vertical layers of 

| In course of vibration, the 

| and compresses the fir 
layer has its volume d 
Increased. Due to elast: 
Since the prong on i5 
the second layer of air on 
second layer acts upon the t 
travels from layer to layer 
the prong moves from b to. 
all the layers in front of. 
the compression mi ihro 
a thickness OA of air is w 
of vibration of the prong. . 

| state moves forward. 


Pt. I/S—2 
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partial vacuum is produced in the adjacent layer, Being thus relieved 
of pressure, the first layer expands on the side of the prong and its 
pressure is consequently diminished. For a similar reason the second 
layer moves towards the first and thereby expands itself. Thus every 
successive layer of air in its turn expands. Hence a state of rare 
faction is "handed. on from layer to layer, travelling with the same 
velocity as that of compression. : 


Since the time. occupied by the movement of the prong from b to 
@ and back to b is another halt period, the total thickness of the 
expanded layer is equal to that of the compressed one, so that AA’ 
=AO (Fig. 22iii). It is evident that during a complete vibration of 
the prong, two such thin air layers are formed, one of which is ina 
compressed state, and the other rarefied. They move with an equal 
thickness of a velocity and keep their relative distances constant, 
The combined compressed and rarefied layer, such as OA’ (Fig. 22, iii), 
is known as the wave-length. Hence the wave-length is definad as 
the distance through which the disturbance travels in the time during 
which the vibrating body makes one complete oscillation. 


When the body continuously vibrates in a homogeneous medium | 
compressed ‘and rarefied waves start out in every possible direction | 
The appearance of these waves at an instant it represented in Fig. 23. 
When alternate compressions and rarefactions of air produced by 
the source impinge on the ear drum, we. hear a sound. (Vide 
Chapter X) The ear drum is pushed or pulled according as 9 com- 
pression or ¿rarefaction falls oi it It is, therefore, thrown into 
vibration exactly in unison with the source and this sensation 18 
conveyed to the brain. 


It is to be noted that in a compressed and a rarefied layer, the 
amount of compression or rarefaction is no} equal at all points. The 
reason is that the pressure communicated by the prong to air at 


| 
P 


Fig, 28— Propagation of Sound Waves 


any instant depends upon the velocity of the prong at that instant, 
The velocity of the prong in its course of vibration varies frcm point 
to point, being maximum at the centre and minimum at the ends. 


Hence the pressure also of the compressed layers is maximum at 
the middle and normal at the ends. 


Again, as the prong moves back from 5b in the direction ba, a 
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18. A model for the Propagation of Sound Arop h. Air—The. 
nature of the motion of the successive layers of air 4 particular 
direction can bə demoastrated by the following apparatus; = 


Spiral wire —It consists of a brass-wire of about 0'1 inch in iia- 


the lengi 
about 6 fe 
about: am. 


By double s 
. mer, && sho} £ 
; z this ane bun rf 
Fig. 94. coU o veral points by threads. 

On giving a smart push lengthwise’ at one end of the coil, w 
few turns of wire at that end are compressed, This compression 
moves along the spiral with a certain - velocity towards the other 

jn air when a condensation 
pared to each turn “of the 
me end of the spiral the 


turns become widely separated and this pages aber travels to the 


valent to a state of 


rarefaction travelling through ait, Now if the 
alternately pushed and pulled, alternate conde 


Figure 95 shows the cordition of the tu 

particular instar t, when & serie 

to the left. In the figure © represents the position of condensed turns 
and R the rarefied ones. = Boc EN TH 

It is interesting to note that during the propagation ol a 

turbance, the turns of the 
wire are not permanently 
displaced from their natural 


<< n " NS 

/ NWNMN 
Xy NY 
WY JUL 7E 78 AZ J 


positions, but simply oscil: % cma ; 

late equally on both sides 4 "ENT Po 

of their mean positions, Tum n Mu px 
14. Sound is a wave-motion— Bound may boi eg 


a wave-moticn for the following 
$ ropagation The medium 
li) Sound requires & medium for its and to I3 through p 
does not moye as a whole, bui HOW ENB: RI 


lii) Sound moves with a meas mi. E 
The velocity of sound is greater in solids and "— ie nt 
This can only be explained by assuming, that sow 

way of waye-motion. j Oggi A is Cy 


(iii) Sovwnl M d e ption that it is wm 


certain laws, which can be exp 
wave-motion. 


Mo" LS 4 UB" 


"^ ^e o> 
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aul (iv) Under certain conditions two sound waves might combine | 
to produce silence, which is called ‘interference of sound. This can 
only be proved by assuming that sound is a wave-motion. 


~ (v) Sound waves can bend round an obstacle and tones of 
different pitches bend round an obstacle by different amounts, 
although their velocity in a medium is the sane. This phenomenon 
is known as diffraction. This is successfully explained by supposing 
the different notes have got different wave-lengths. 

_ (vi) A wave of condensation starting from a source has been 
photographed by R. W. Wood and others It demonstrates the 
existence of secondary wavelets, as was conccived by Huygens 
(1629—1693) in his wave theory. ! 

(vii) That sound in a gas undergoes no polarisation proves fur het 

ethat it consists of longitudinal and mot transverse vibration. 


EXEROISES ON CHAPTER II 


Reference 
Art. 6. 1. D.füne S.H.M. and explain it with reference to xd 
familiar example. (G.U.—1965 ; All, U.—1966 
Art. 7, 2. Define amplitude, frequency, wave velocity and 
wave-length, What is the relation between velocity and 
wave-length ? (Pat. U.—1963 ; R. P. B.—1971; O. U.—1956 ; | 
Del. H. 8.—1955, '64; Cf. Del U.—1960 . | 
Art. 10 3. Compare the wavelengths in air of sounds given by 
two tuning forks of frequencies 198 and 334 respectively. 
(0. U.—1950) 
j Ans 93:1. ! 
Art. 3 4, Explain Simple Harmonic Motion and state its . 


characteristics. Show that the motion of a simple pendulem 
is simple harmonic. What part does B.H.M. play in sound ? 
(U: P. B—1963 ; Nag. U.—1959) 


Art. 10 5. Distinguish between longitudinal and transverse Waves 
(Del. H. B.—1951, 73; P. U.—1961, 1: 
And, U.—1950. '71; V. U.—1955 ; C. U.—195) 
Art. 10 6. A given tuning fork produces sound waves of wave 
length 80 inches, If the velocity of the wave ts 1100 ft. pèt 
sec., what is the frequency of the fork ? (Guj. U.—1961) 
Ans, 440 per seo. 
Arts. 7. Explain: what is meant by longitudinal wave-motion 


10 & 12 .. in a medium. Indicate what goes on in the medium which 
' transmits a sound. (P.U.— 1941) 


Art, 10 8. Taking 1129 ft, per sec. as the speed of sound in ait, 
" find the number of vibrations which a fork of frequenoy 
264 must make before the sound is heard at a distance of 154 ft. 
(0, U.—1969) 
Ans, ^-96.01. 


Att. 10 9. A tuning fork of frequency 250 is sounded in air a i 
i the sound waves are found to travel with a velocity of 1120 fee 
per second. Find the wav:-length of the note emitted. 
, (Del. H. 8.—1969) 
Ans 4°48 ft. 
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Art, 10 10, State what is meant by “longitudinal and transverse 
wave-motions. Give an example of each bos Define wave-length 
and establish the relation between the | length and veloo! 
oi wave-motion in a free medium. . so (Q9 U-19. 

Art, 12 11, Explain the terms wave-length and frequency. ed 

© (Dac, U.1961 5, P. U.—1960) 

Art. 12 12, A sound generated in waite has a waye-length of 

580 cm. If the velocity of sound in E ‘be Sieg cg E 


per second, calculate the frequency of sound in water 
E ONUS. o (Dao, D-19681) 


Ans, 260: por ege EU LX ET 
Art. 12 13, Explain, as far 88 you “can, the mode of propagation 
of sound through airy i i (OBE aa "x35 7X 1 
Art, 14 14. wi rangna t “Aen believing. ha cun 
conveyed by ware eg 0, O. U.19895 Of. B. P, BIST if 
n E mu neat ir tu Fy j ei 
(0902 
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15. Velocity of Sound in Open Air—It is a matter of common 
experience that when there is thunder and Two" Bee 


flash of the lightning first before we hear the histle Soi 
Similarly, whan a locomotive en blows Bl M e AN 
able distance from a railway station, Go ab a ncisls of the 


railway platform observes first, phe puf of. jhe; 

engine and then heara the whistle: Th ys thae, JP IS verted 
to see and hear from a distant source, the qu 

than the ear. 


All these cases are due ti " 
greater velocity than sound. Thus if perire se pene ieee 
mile away from an observer, the flash n "des. On the other 
of 00000054 second, of which We oan- vci i anco féquirés 
hand, the report of the thunder iron bhe ie interval between 
epproximately 5 seconds t0 Ssh, ig really the difference of the 
seeing and hearing in this cas; Ww» ae " 
two timings, can be recorded practically #8 thie time taken by me 
to travel through the distance. s : 

Experimental determination—The M gir iP tay ie LI 
has bean determined by different neti en by (1786—1853) 
following method was originally joned on hills at a known distance, 


in 1829. Two observers are stationed | ‘an 
À i rovided with ® gun, 
Several miles apart. One © MG s oeil tenth of 
the other! snb iei gtop- watch which ‘can read a fifth or ten 
second. The first man fires MR 
the watch just when he sees tbe. 


ah the second man starts 
gun, wh rA t from the nozzle o 
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dhe gun and keeps a continuous record of time till he hears the 
report. If the interval recorded be equal to é seconds and if the 
distance between the two stations be œ feet, the velocity of sound 
ds given by V=a/t ft. per sec. A large number of observations 
a3 taken under similar atmospheric conditions and the mean value 
.of the velocity is found. 

Bus in such an experiment there arise two principal sources of 
error. First, the velocity of sound, being greater in the direction of 
the wind and less against it, is partly affected by motion of the wind. 
This is known as the error due to ths wind veloc ty. Secondly, 
apy man is always apt to delay a certain fraction of a second to record 
the time after he has actually seen an event. The error is called the 
‘p3rso wal equation of tha observer. It is different for different persons; 
‘but it is always a smell fraction of a second. Tne personal equation 
li varies, on an average, from one-fifth to one-fifteenth of a 
second, 


The first error is eliminated by taking what is known as the 
reciprocal observation. Both the observers are provided with a gun and 
& watch. One of them fires the gun and the other records the time 
tı between the sight of the flash and the heariog of the report. The 
other man then fires in his turn and the interval tg is now recorded 
by the former in a similar way. Such similar sets of readings arè 
repeatedly taken and the mean value is calculated. 

Suppose the wind is blowing in the direction from the firat station 
to the second with a velocity of v ft. per sec. Let the velocity of 
sound in still air be V ft. per sec. 


Then - V+v=a/t; and V-v=«'ts. 
On elimination of v we find 


.2(1,1 5,1 
| | YS FR (15,1) 
> -The personal error or equation, is avcided by making electrical 
:Arr&ngements for recording the exact moments of the gun-fire at one 
station and the reception of the sound at the other. An electrical 
-elock automatically records the instant of firing. The receiving station 
ds provided with an autcmatio microphone (Chapter IX). As soon as 
the sound reaches the microphone, its arrival is recorded on a moving 
photographic film. Thus the actual interval can be determined an 
the velocity of sound at a particular condition of the atmosphere 
ds accurately found, i 
51:16. Some Classical Experiments—The first attempt at -an 
Accurate determination of the. velocity of sound in open sir was made 
by the Commission of tha Paris Academy in 1788. They chose 8 or 
4 stations, the total distance covering about 12 kilome:ers (about. 75 
miles). Alternately, from each of the two. end. stations guns. Were 
fired at regular intervals. Tae middle station recorded the time. The 
distances between the: stations being known, the mean velocity of 
Sound could be found. The experiments were conducted under 


An. 
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different conditions of temperature, pressure and humidity. "Taeir 
observations led to the following conclusions: = 


(i) Tha velocity of sound does not depend, upon a change of 
atmospheric pressure. : 


(i) It increases with the temperature and humidity. 

(ii) It increases the direction of the wind and decreases 
against it. Lo 

(iv) The velocity of propagation of sound in still dry air at 0*C 
is approximately 332 metres per second. Woe $ 

A series of careful determinations by Moll, Van Beck and. other 
Dutch physicists in 1823 gavo the mean value for the velocity of 
sound at 0°C to be 382/06 metres per second. 


The next important investigation on the velooity of sound along 
a slope was made by Bravais and Martins, The upper station was 
Faulhorn and the lower one was the Lake of Briez, the difference 
of the altitudes being 2079 metres and the actual distance being . 
9560 metres. They made use of the bid method and found that 
the velocity, after being corrected by 0 ¢ , was 389 97 metres. per 
second. Experiments were also Sortie el ab vh low temperatures 
during Arctic expeditions by Parry and wy almost the same 
result was ar;ived ab. o NDS gal 

Because of uncertainties of the velocity of Sound in open palsy 
to wind, humidity ani temperature ‘fluctuations, ‘in As 
carried out a series of experiments near Versailles on the D y o 
sound in air enclosed in long pipes. is me d of io pee id 
all electrical, Reciprocal observations Were made every. SEGA) ma 
found that for sounds of great loudness es & n fg yore] 
velocity was slightly greater than the ordinary Ais Momidity, the 
also that under gimilar condibions of temperatures MN at in freo air. 
velocity of sound in & pipe was slightly, smaller than halò during 
Determination of the velocity of soundi im open sir e dai io 
the Great World War (1914-18) in connection WIS 1. exploding) 
the sources of sound’ (emoh sy) gam aria OH aren thed (Vide 
by a special device known 8$ the the Bound-Hantiec ^ freiem 
Chapter: IX). An actual laboratory method Hi pier j 
of sound in air under controlled Gondidion i tuto Art. 31) 5 
and humidity was devised by Hebb in 197. : ^ 


17. -Theoretical Investigation Fro | losiy ot qe vidio» com- 


Newton came to the conclusion that the: given bY ` 
pression or rarefaction in am elastic med ges git 


D so abt Ade OA iy Ys CL) 
_ /i Ji gt | 938 41 (17, 
V NER 


SX 
rsen ty ot the 
where E isvthe modulus of elasticity, inde tte vr 


na 3 
ulus of elasticity = strain’ 


— 1055s 
medium. By definition, the mod 
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In all fluid media E represents volume elasticity or bulk modulus 


and is represented by k, so that (17,1) reduccs to 
y. d qi sh (17,9) 
[ " it 
where k= increase of pressure per unit area j: 
consequent change of volume. per unit volume 


When a pulse of compression travels through air or any other | 
gasecus medium, the later is momentarily 


&-V- s compressed. Let V be the volume. of 

a layer of the gas of unit cross-section 

P under normal atmospheric pressure P 

SB (Fig. 26). Let the pressure be increased 

by p owing to the arrival of a compres- 

. Fig 26 sion and let) the consequent decrease 
i 2 of volume be v. i 

If the “changes of pressure and volume take place within the 

medium under isothermal condition (i.e., if the temperature does 

not change) as was assumed by Newton, Boyle’s law gives 


or PV-(P*p(V-v) or PV=PV-PutpV—p», 
Pu=pV, assuming pv to be negligibly small. 
T ài 2 - stress ant 
pua Erp V strain * 


Use of eqn (17, 2) readily. leads to 


v= NE - E uA aia 


Applying the equation to the case of air at normal temperature 
and pressure (N.T.P.) at 76 om, of mercury and 0"O, we get, 


P=76 x 13°6 x 981 dynes/sq. cm, and p=0'001998 gm./c.c. 


. 76 x 13°6 x 981 imately 
oe Vom —— = . OX tel: il 
0001293 em./sec 280 metres/sec (appr 1 : 


j The value thus obtained is much lower than what is experimentally 
found. 


Laplace’s Correction—Laplace pointed out the source of discre- 
paney in Newton's assumption. He argued that during the transmission 
of sound the change of volume of any layer of sir is so quick that 
all the heat given out or absorbed, during & compression or a rare- 
faction, is wholly confined within the layer itself and so the tempera- 
ture does rot remain constant, This process is known as an adiabalie 
iraisformaiion. In such & ease the relation between the pressure P 
and volume V of a gas is given by - 


PV = constant 


where y =SPecific heat of the gas at constant pressure 
+ Specific. heat of the gas at constant volume 


43 
Siew. 


4 


j 
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For a diatomic gas (st 


and for a mona 
Hence when & 


contraction v due to an in 


By aid of the Bin 
py’ = 


Thus P= Pe y 


agrees fairly well 

18. Influence 
Air—The follor 
pressure, s 
in air. 


Effect of Pre 
given mass of ga 
density. Let the 
vi and va | 
of pressure. Any 
slow as not to aff 
Boyle’s Law. T Vi 


pressure Pg unc 
PiVi=PsVs. oe 
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Effect of Temperatüre—With & change of temperature there is 
a change of density of the atmospheric air and consequently the 
velocities at differe temperatures will be different. Let V, and V, 
‘be the velocities at 0°C and tO respectively. Then 


Vo= Jr / P. and Vi Jy /P, 
Po Pt 
where po and p, are the densities of the gas at the corresronding 
temperatures. 
But by Charle’s Law po=p; (1-«t) where x<=the ccefficient of 
cubical expansion of gas=0'00866. 
Consequently, 
TEPES 
Y ^ Vita, 
whence V, = Vo /(1+4i)=Vo(1+4t+..... ) by Binomial Theor à 


or, Vr 7 Vo (14-000183 x ¢), 

Taking Vo —1100 ft. per second at 0°O, it is found from (18,9) thet 
for each degree centigrade rise of temperature, the velocity of sound 
in air increases by 2 feet per second, 

"Effect of Humidity—Since for the same temperatuie and 
Pressure the density of water vapour is less than of air, the 
presence of moisture in some volume of sir would lower the density 
of the mixture. The velocity of sound is inversely proportional to the 
Square root of the density and so it would be greater in moist. air 
than in dry air. 

Let the velocity of sound in dry air at temperature t^O and -normal 
pressure be Va. Let the velocity of sound is moist air at tempera- 
ture (C and pressure P be Vm. 


' Then V4 Vr 60. 4: guai: n yP. 
aft g T Pm 


"where pa and Pm are the respective densities of dry air and moist air. 
Let the saturation pressure of aqueous vapour at £'O be-e.cm. of 
mercury... 
Also the total pressure of the moist air =P em. of mercury. 
ix. the pressure of dry air at the same temp. =P-e 
So pm=mass of 1 c.c. of dry air at a pressure (P — e) 
+ mass of 1 c.c. of water vapour at the pressure e. [ 
From Boyle's Law the volume of 1 c.c. of dry air at a pressure 


(P-e) becomes i c.c. ab normal pressure. 
Hence the mass of 1 c.c. of dry air at normal pressure = P. x pa 
(E81)... it» i Y px gi 
Again, the volume of Pac. of ‘aq. Vapour at normal pressure =- 


760 
>» 
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mass of 1 oc. of ag. vapour at normal press. SA x pa X 0625, 


since the density of water vapour (relative to dry air) is 0'625. 


Thus pm* Eun + 2d x pa x 0'625 


- di (P -0+ 0'625 xe j- alb- ous xo). 


Hence "4e 150pm = 3 - (0:875 x e)oa. 
Vm Ppa PX på 


T 


so that Va=Vm% af 1-081 x $ d ...(18,3) 


Examples : 


i. An echo from a oliff is heard 6 seconds atter the sound is made, If the 
temperature of the air is 16°O, how far away is the cliff? The velooliy of sound 


at 0°O is 1090 feet per second. itor ; 

Ans. The velocity of sound at (*0- V, =1030 ft./s00. Hence the veloolty of 
sound at 15°0, (say V¢) is given by the equation, ; " ; 

Vt=Vo (1-+'00188 xt) = 1090 (1+700188 x 15) ft/sec. 11191 ‘ft./se0, ay 

Let the distance of the cliff from the observer be d ft. Then foran echo to come 

back to the observer, the distance travelled by sound is dd in a period of D secs. 

Thus 2d =1119'1 X5, whence the desired distance d= 25996 a ERA 

2 his watch by the sound of A 5 nal gun at a 
4,5, ^0 DE finds that his watch is slow ay seconds. E m 
distance of the tower from the observer. The temperaturo diu d d 
observation ia &0^0 and the velocity of sound in m "O ik. Hert 


per geo. 
Ans. Velocity of sound at 070-832 m|sec. Hence the velocity of sound 
at 20°C is = (1— 00188 x 20) m,/seo. 94415 m.[sec. CAE 
I! the distance of the tower be d metros, the time for the soun: rave aun 
the tower to the observer i8—5:,.15 geo, The time is em to be b s00, an: 


thereby gives rise to the equation + t » 
. 3 5, whence the required distance d 112078 metres. 
et Ma 'geconds later than the 
sth sande nmi MMI aie aes ara 
flash, the tempe : i 
Pee have desurred. (Velocity of sound. in x at 09023520 motres 


per second). 
Ans, In relatio " 
k eat the flash may be 09 : e of sound is 
x EN E time, Consequently the ‘duration of "he pares 
6 seconds, . taol 
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^ lightning occurred at a distance 
= (847°67 x6) m.=2086'02 m. J ; 
4. In an experiment for the determination of the velocity of sound in a wel 
the value was found to be 345'8 metres at 20°O under ^ pressure of 74^8 om, of 
mercury, What is the true value of the velocity at N, T, P.? 


Ans. The saturated pressure of Aqueous vapour at 20°C as obtained from 
any vapour-pressure table=17'4 mm. Hence, by 18°56 at the same temperature, 


Va=845'3 x A (1- Ban) = 9488 m, 


If the required velocity be Vo metres per second, we get 

Vo(1- 00188 x20) 4848 8, whenoa Y,7:881'6. 

*19. Velocity of Sound in Water—'The experimental determiaaion ' 
of the velocity of sound in water wás made by Colladon and Stura 
in 1826. The experiments were carried out at night. Two boats 
were moored at a definite distance in the Lake of Geneva. One 
boat was provided with a bell which lay inside water. The bell could 
be sounded with a hammer through a lever, the motion of which 
fired some gunpowder. The other boat had a larger funnel-shaped 
ear trumpet, the lower end of which was closed by a flexible 
membrane and was immersed in water, while the upper end was 
applied to the observer's ear. Thé time taken by tke sound to. 
travel a known distance in water was thus obtained, It was found 
that the mean velocity of sound in water at 8'1°C was 1437 metres 
per second, These experiments are of historic interest nowadays. 


Theoretical discussion—The velocity of sound in any liquid is 


- given by the expression : 


> 


v= J = when k is the volume elasticity or bulk modur 


lus of that liquid. In the case of water at 1590, k= 223 x 1012 
dynes/sq. cm. and p=1 gm./cc. 


Hence the velocity of sound in water at 15°C is 


FH 10 
ee ES om./see, +1500 m./sec, 


*20. Velocity of Sound in a Solid—The velocity of sound ina 
long cast iron bar was determined by Biot (1774—1862). By joining 
Several pipes end-to-end, he obtained a total length of 915 metres. 
A bell fixed at one end was rung At the other end two sounds 
were heard, one travelling through the material of the pipe, the other 
through the air. The interval between the two sounds was accurately 
recorded. The velocity of sound in air being known, that in the 
solid could be calculated. The velocity was found to be approximately 
5300 metres Per second. When a solid is available in-the form, of 
string, the velocity of disturbance can’ be experimentally determined 
2 DN He Art. 42). The velocity of compression na 

s m rod can be determined in the t Kundt's Tu 
Method (Art, 64) cian Rage 


ART. 20 


Theoretical i j 
sound travels. through 


where y = Young's mo 
For steel, y 22 


the velocity O 


«21. Velocity 
sound in two gaseous 
Tube Method. 1 

Under the same 
yalosities of sound in 


whence Va can b 
Tt is evident 
gases aro inverse! y 


Examples: s 


1. Calculate the 
air to be 832 
weighs 0089 gm 

Ans. If pa 
notations give 

vh 


= 
Va 


reports, 
two sounds. | 
p of air=0013. 


vs i: E th thi 
rou 1 
theca M Á 
reports are heard 
Now th ve 
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Again, the velocity of sound in EVA yee V 44210"... 0618. 0m aea, 
P 


‘0014 
«^. the time ¢, for the sound to travel 1 km. in air is found from: 
: La S f 
ts $816 Secg, =3 secs, 


Hence the required time interval —(8—0:2) 8608, —2'8: secs. 


Velocity of Sound in Common Media 


Media Metres/Sec, Media Metres/Seo. 
GASES N. T. P. ;— v2 SOLID :— 
Air (dry) 3817 copper 8600 
» ab °C 831 7--0'54x1 iron 5000 
carbon dioxide 259 steel 5100 
hydrogen T 3269 glass 5000 | 
oxygen 316 wood 3090-4900 
LIQUID :— I ) nickel 4900 
"water at 20°C 157 India Rubber 80.60 
t°C 190+ 33 x1 


————————— — 


22. Rectilinear Propagation of Sound—It has already been 
stated that a vibrating source in a homogenecus gaseous medium 
generates spherical waves of compression and rarefaction which expand 
in quick succe'ssions with a definite vel:city. Imagine the source to 
be placed at a point S (Fig, 27) An element of a wave surface tra- 
velling in the direction SA reaches a point rg after a short interval 
of time.” The same distu-bance reaches a point Ag an instant later, 
where the points S, r and As are collinesr. Fir a similar conside- 
ration, another element of a wave surface, moving from S in the 
direction S4,, will pass through all the points lying in that straight 
line. It is in this sense that the propagation of a sound wave is 
said to be rectilinear. The same argument holds in the case of the 
propagation of light waves. Hence, as in light, the track of an 
element on the wave-front is called a ray. So.any straight line SreAs, ` 
along which an tlement of a sound wave is propagated, may be 
termed a sound ray. - 

We know that when some opique obj-ct is placed in the path of 
'& beam of light, a shadow of the s:me shape is cast upon a screen 

: placed behind, which fact verifies the rectilinear 
propagation of light. But when an obstacle 
(e.g., a piece of wood) is placed at ra in the 
path of sound (Fig. 97), an ear placed at As 
would hear the sound from S without much 
obstruction. Thus to some extent sound rays 
bend round a barrier. 

The reason for this difference in pro- 
pagation lies in the fact that the amount of 
bending of rays depends upon the wave-length. 
The longer the wave-length, the greater the 


Fig, 27 
bending round any obstacle. The wave-length of audible sound varies 


ME 


ART. 22 "YELOCITy OF SOUND 32 


between 1'5 em. and 11 metres. For this range of wave-length 
the bending is appreciable. An acute sound, which is of shorter 
wave-length, obeys the laws of rectilinear propagation more closely 
than a grave one. A watch is often taken as a source of sound 
in different experiments on reflections and refractions, since its note 
is of short wave-length. 


23. Reflection of Sound - When a sound wave travelling in a 
medium reaches the surface of 
separation of another medium, a 
part of the incident wave is reflected 
back into the original medium and the 
remainder is partly abso bed and 
partly transmitted into the second. 
Partial reflection may also take place 
at the surface of separation ofthe two 
portions of the same medium haying 
unequal densities ^ The reflection of 
sound takes place according to two 
definite laws. Fig. 28 


A 
Ia 


CY 


Reflection at a Plane Surface—In front of a vertical wooden 
board fix up a straight hollow tube at a definite angle with the plane 
of the board (Fig. 28). Determine the point where the axis of the 
tube meets the board. Take another similar tube fitted “at one end 
wish a hollow rubber tubing. Insert '&he end of the rubber tubing 
in the ear so as to receive the sound. Now rotate the receiving. 
tube in all positions till tha sound heard appearsmaximum. Fix the 
tube in this position with suitable clamps. 

It will be noticed 


(i) that the axes of the two tubes together with the normal at the 
poini of the board, where the aces meet, approximately lie in one plane 
and (ii) that the axes make equal angles with the normal. 


In large halls the voice of a speaker becomes indistinct owing to 
reverberations from the walls and the ceiling which are commonly 
known as the howling. This ean be minimised by hanging up 
curtains, the effect of which is to absorb. partly the incident sound 
energy. The same purpose is also seryed to some extent, when the 
hall is packed up with audience. 


Refleetion at a Concave Surface—When tke reflecting surface is. 
concave, the effect of reflection is more 
pronounced. i 

Take two large concave mirrors of 
polished wood or metal and place them 
coaxially facing each other at a fair 
distance on a table ( Fig. 29). Measure: 
thei radius of curvature of one mirror 
with a spherometer and place a ticking 


Fig. 29 
watch at a distance of half the radius from the pole of the mirror. 
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Hyidently, the source of sound is at the principal focus of the 
mirror. Moye a receiver of sound along the axis and place it at a 
point where you get the best possible sound. The point is fouad to 
coincide approxinately with the principal focus of the second mirror. 


On being reflected from the first mirror, rays of sound are rendered 
parallel. The group of parallel rays is incident upon tke second 
mirror and is finally made to converge to the priacipal focus of the 
second mirror, It is a matter of common experience that to hear a 
distant sound the palm of the hand is often put in a curved way 
round the bask of the ear. This helps to concentrate the sound 
energy in the ear ani thus make it more audible. 


24, Some Illustrations of Sound Reflection—The prindijle of 
sound reflection is illustrated in the following cases : 


Sound Reflection in an Auditorium—Some very b'g hells are 
provided with parabolic sound reflectors behind the dias. The speaker 
stands near its fosus and the rays of sound due to his voice are 
rendered parallel by reflection at the parabolic surface. Thus his 
voice, which would have been otherwise inaudible at a distance, passes 
over to the audience to the extreme end of the hall and is made audible 
there. The old Calcutta University Senate House had got a reflector 
of this kind. Unfortunately the building has been dismantled. For 
concentration of sound, many churches and show houses have the 
back walls suitably curved. 


Speaking tubes—In some large building and steam ships speaking 
iubes are. often installed. 
In its essential form such 
a tube consists of a metal 
pipe of small diameter 
connected at one end with 
2 funnel-shaped piece 
called the mouth-p ece. The 
speaker puts his mouth 
into the funnel and speaks. 
The produced sound waves 
entering the mouth-piece are not allowed to spread out but are kept 
confined within the tube. Successively reflected at the walls of the 
tube, the sound travels down the tube and finally gets out of the 
other end in a manner shown in figure 30. The sound is thus 
concentrated and so the hearer on placing his ear at the other end 
can distinctly hear the speech, Physician's stethoscope is an il'ustration 
of this principle. A little above the collecting funnel the tube 
bifureates into two branchss which Separately go to the two ear. 
Speaking horns or megaphones used on play ground and car-trumpots 
used by deaf people work on ths same principle, 

Echoes—A familiar example of reflection of sound is illustrated in 
the formation of echoes. An écho is repetition of the speaker’s own 
words, caused by reflection at a distant surface, e.g, a row of 
buildings, trees or any other extended surface, 


Fig. 30—Sucoessive reflections In a tube 


b E 
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In order that two very sharp sounds may be distinguished from 
one another, the interval of reception between the two should be, on 
an average, about 4&5 of a second, because the sensation of sound 
persists in our brain for about that period. This interval is known 
as the period of persistence for the sensation of sound. When a sound 
ig made before a reflector, an echo of it would be distinguishable, 
provided that the interval between the cessation of sound and the 
reception of the reflected sound is goth of a second. During this 
period the sound travels a distance of 112 feet approximately, so the 
minimum distance of the reflector for the reception of an echo for 
any sharp» sound is about 560 feet. But for an echo of words the 
interval is different. It is an observed fact that a person can on an 
average utter 5 syllables per second. Thus to have an echo in which 
a mono-syllablic word is to be distinctly heard, the time interval 
should be 4th second and during this period sound traverses a 
distance of about 224 feet. So the distance of the reflecting: wall 
should be 122 feet from the observer for the reception of mono- 
syllablic echo. Ti the distance of the reflector be twice, ete., of 
112 ft., disyllablic or trysylleblic echoes would be distincly heard. 


When there are two opposite reflecting surfaces at a proper 
distance ( e.g., two parallel walls), repeated reflections take place and 
successive echoes are heard. ‘When there are several surfaces at suit- 
able distances, a number of reflections takes) placevand several echoes 
are produced. When successive echoes occur within Poth of a second, 
they cannot be distinguished separately and a long drawn sound is 
heard. The rolling of thunder is due to successive reflections of the 
original report from surfaces of clouds at different heights or 


unequally heated layers of air. . 


Examples : 

1. Aman stationed between two parallel clifis fires a gun. He hears the first 
echo after two seconds and the next after five seconds, What is his position 
between the cliffs and when will he hear the third echo?. (Velocity of sound 
in air=1120 ft./sec.) 

Ans. Let the velocity of sound in air be V cm. per sec. the distance of 
the man from one cliff d and that from fho other 1 cm. 

As the first echo is heard after 2 seconds, 2d/V=2, or d— V. When the direct 
Sound is reflected from the second cliff, the second echo is produced. As the 


Second echo is heard after 6 seconds, 21/V=5, whence =} v. 


Hence d : 1-2: 5, Thus the position of the observer divides the distance ` 


between the oliffs in the ratio of 2:5. 
From this position either of the sound waves on reflection from the 
TEO walls reaches the man and the third echo is heard. As the time 
ecossary for this is 7 secs, the third echo will be heard 7 secs. after the firing 
of the gun. 
ee ‘os sharp sound is made in the nelghbourhood of an extended wall and the 
distor s heard 1'6 seconds after, On proceeding towards the wall through a 
i ca cf 33 metres the echo is heard after 1'4 seconds, Find the distance of 
€ wall and the velocity of sound. 
4ns Let the distance of the wall ‘from the first position be d me 
the velocity of sound be V metres per second. j aa 


Pt. I/5—8 
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Then 20|V —1 6 or 16xV=2d. B ü 

Also. 2(2—38)/V =1'4 or 07xV-—d-33. 2) 

On solving (1) and (2) the required velocity is 330 metres/sec, and the distance 
is 204 metres. 

*25, Nature of the Reflected Wave—It has been already stated 
that a sound waye may be reflected at the surface of separation of 
two media or of two layers of the same medium at different densities, 
In reflection, therefore, a sound pulse may meet a more or legs 
dense reflecting surface according as it travels from a rarer medium 
to a denser one or vice versa. 


Reflection at a Rigid Surface—When a pulse of condensation 
travelliag in a medium strikes against a rigid wall, the latter does 
not. move on easily and so due to reaction the pulse comes back 
with its form unchanged, i.e., as a pulse of condensation. Hence the 
form of a wave remains the same at reflection at a rigid wall. This 
is equally true for a transverse wave,—the crest coming back as a 
erest and the trough as a trough. If one end of spiral is a fixed to 
a piece of wood placed on a suitable stand and if a pulse of com: 
pression is produced by suddenly pushing the spiral at the other end, 
it is noticed that the reflected pulso also is a compression. For a 
similar consideration a pulse of rarefaction due to reflection at a 
rigid wall comes back as a pulse of rarefaction. 


Reflection of an Yielding Surface—When, on the other hand, 
a pu'se of compression meets the surface of a rarer medium, the 
surface of separation is disturbed by the motion. The surface is 
- pushed a little and produces a partial rarefaction ‘This rarefaction 
travels in the opposite direction, so that the original pulse of com- 
pression is reflected as a pulse of rarefaction. Thus due to such @ 
Tefketion a change of type of the pulse is brought a.out. In the 
experiment on the motion of compressional wave in a copper spiral, 
if both ends of the spiral are free, a pulse of condensation travelling 
to the other end comes back as a pulse of rarefaction. Similarly a 
rarefaction is found to return as compression. ‘This is called a phase 
change of x in reflection. 


26. Refraction of Sound— When a sound: wave travelling in one 
medium meets the surface of separation of another, a portion of it 
is transmitted into the second medium, approximately obeying the 
usual laws of refraction. „The refraction of sound may be demons- 
trated by taking a lens-shaped bag of fine rubber, containing some 
gas denser than air (e.g., carbon dioxide), 

Hold a convex gas lens by asuitable stand and determine its axis. Bomewhere 
on the axis of the lens place a watch on one side of the lens. 

Determine the point on the other side, where the maximum sound is 
heard in a receiver, Find the object distance u and the image distance v 
irom the lens. Take a number of readings for u and v. It is found that in 
each case 

vium. where f stands for the focal length of the lens. 


27. Some Phenomena due to Sound Refraction—The following 
phenomena conzerning the refraction of sound are explained :— 


b 
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Banding of Rays in a Temperature Gradient—During cold. 
winter nights the air in ‘contact with the surface of the earth is 
coldest and so it has got the maximum density. The upper regions- 
are less and less dense. When sound.is produced near the surface,- 
rays starb out in all directions. Moving upwards in an oblique- 
direction, some of the rays meet layers of air of less and less densi-- 
ties. They are, therefore, gradually bent away from the normal, till. 
at a stage total internal reflection takes jlace. The rays then bend 
downdards and finally return to the surface of the earth. This is- 
akin to the phenomenon of optical mirage. The reverse effect takes 
place during a hot summer noon. As the sound waves pass from 
rarer to denser layers, the rays get gradually bent towards the 
normal ; they, therefore, continually move upwards and never ccme- 
back to the earth. This explains the fact of the common saying that- 
sound travels a longer distance in night tlan in day. 


Bending of Rays due to Wind—If there were no wind, a sound | 
l 
J 


wave-front Pao [Figi 81 (A), during propagation would occupy the 
successive dotted positions 1, 2, 8, etc., after equal intervals of time. | 
When wind blows in the direction of the sound the velocity of l 
wind in upper layers is greater than. that nearer the ground, and the 
upper layers move with greater speed than the lower ones. | 
Consequently, each vertical column of air during a strong wind 
moves through an’ appreciably 
greater distance at the top than 
at the bottom, so that it is 
gradually "bent downwards as 
shown by 1' 2’, 8'. Since the 
direction of each ray is normal to 
the column, the rays will gra- 
dually bend downwards causing 
concentration of sound near. the 
surface of the earth. 


_ Hf, on the other hand, the 
wind is blowing against the 
sound, its velocity is to be sub— Fig. 81 
tracted, so that the velocity of sound gradually decreases upwards. y 
[ os the columns would be gradually bent in the reverse directiom 
Fig. 81, (B)] and the rays go up into the sky. Hence sound travels 


a longer distance over the surface of the earth im the direction of wings 
than against, it. 


! 
EXERCISES ON CHAPTER IIT | 


Reference I 
PM „A Stone is dropped into a well 240 feet deep and the Art. 15 
a nd’s impact ia heard 4'L seconds later. Find the velocity 
Sound (g=82 ft/sec, 2), 


Ans, 1044 tt./sec, | 


2. Calculate the velcoity of sound in air on a day wh 
y when Art, 1 
the barometer reads 760 millimetres. Given the density of air R 
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Reference 
='0001293 gm./o.c, and y=1'41, (Nag. U.—1968; R, P. B.— 
i91) . 
Ans, 93295 m./sec. 
Art, 15 9, Explain fully how the velocity of sound in open air 
í has been determined. (U. P. B.—1968 , B. H. U.—i971) 
Art, 18 4. If the velocity of sound in air at 0°O and 76 cms. of 
mercury pressure is 330 metres per second, caloulate the 
velocity at 29°C and 74 oms. pressure. (Coefficient of expansion 
of air =0'0086651), (Nag. U.—1971 ; 
Ans. 846°3 m,|per sec. 
Art, I8 5. If the yelocity of sound in dry air at 0°C be 381 metres| 


sec., calculate the temperature at which the velocity would be 
:845 metres/sec. (Ooefficient of expansion of air- 1/273) 
. [Utk, U,—1969] 


Ans, 21'8°80, 


Art, 94 6. Standing between two parallel cliffs, a man'fires a rifle. 
‘He hears a fist echo after 1} secs. then a second 2} sec. after 
ithe shot, and then a third eoho. Explain how these three 
echoes are produced, Oaloulate how many seconds elapsed 
between the shot and the third echo, and calculate the distance 
between the two cliffs. 


4n; Taking v=1190 ft. per sec., 1—4 seca., and d=2940 ft. 


Art, 18 : 7. Discuss the effecta -of temperature and pressure on the 
velocity of sound in gsses. (V. U.—1962; Utk, U.— 
1962, '70; P. U.—1959,'72; U. P. B.—1961, '73; 0. U.— 
1963; Pat. U.—1971; Nag. U.—1971; Raj. U.—1963) 
Art, 18 . 8. Assuming that the yolocity of sound in air at 0°O and 


76 ems. pressure is 330 metres per second, find its velocity at 
60°C and 70 cms. pressure. 

Ans, 86019 m/sec. 

9. An observer sets his watch by the sound of signal 
gun fired in a distant tower. He find that his watch is slow 
by 2 seconds. Find the distance of the tower from the observer. 
Temperature of air during observation is 19?0 and the velocity 
of sound In air at 0°O is 332 m.[sec. 

(Gau. U.—1961; Pat. U.—1959) 


Ans, 6822 m, 
Arts. 10. Give Newton’s formula for the velocity of sound. What 
a7 & 18 correction has been suggested by Laplace, and why ? 
/ (Bom. U.—1961, "72; Del. U—1968; P, U.—1967, 709, 


V. U.—1954 ; O. U.—1957 ; E. P. U.—1952 ; Nag. U.—19823 ; 
U. P. B.—1951, '65 ; Cf. Guj. U.—1963, '64) 


Art. 17 11, Explain how speed of sound has been determined in 

water, (U. P. B.—1962; E, P. U.—1963) 

Arts. 12. How would you show that’ sound travels faster in air 
19 & 20 than in carbon dioxide and slower in air than in iron ? 

"A (Utk. U.—1962) 

Art. 17 18. The mass of 1 litre of sir at N, T. P. is 1298 gm. 


Oaleulate the velocity of sound in air at N. T. P., it bein given 
that the ratio of the specific heats of air is 1'41, i z 


n Ans. 992 m,/aec, (approx) 
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14 How do the velocities of sound in different gases depend on Art. 17 
densities ? Calculate the velocity of sound in hydrogen at 13090 
given that at 0°O and 76 cms. of mercury 11'2 litres of hydrogen 
weigh 1 gm. (Velocity at N. T. P. in air—932 m./sec.). 


Ans. 1585 m,/sec. 

15. How would you show that sound waves get reflected Arts, 
and that the waves obey the law that the angle of incidence is 23 &25 
equal to the angle of reflection? Explain how the formation 
of an echo and a physician’s stethoscope are due to the reflection 
of sound waves. (Del. H. B.— 1964) 


16. Explain the production of echo. An echo repeated six Art, 38- 
syllables, The velocity of sound is 11.0 ft. per sec. What was 
ihe distance of the reflection surface ? (0. U.—1960) 


An» 672 ft. 


17. A whistle is blown by a ship while approaching a cliff Art, 24: 


and an echo is heard after 8 seconds. Five minutes after the 
first whistle, the whistle is blown again and the echo is heard 
after 3 seconds. Find the distance of the oliff from the latter 
position of the ship and find the velocity of the ship in a direc- 
tion normal to the cliff, (Velocity of sound in air- 1120 ft,/sec.) 
Ans. 1693; ft, from the position of second whistling ; 97; 
per seo. 
18. Explain: A brick wall reflects wave of sound but not Art, 29%- 
waves of light, whereas a smali plane mirror will reflect waves of 
light but not of sound. (Gan. U.—1952) 


CHAPTER IV 
SUPERPOSITION OF SOUND 


28. Superposition of Waves—When twe systems of waves pass” 
simultaneously through some point in a medium at any instant each 
system would tend to produce its own displacement at that point. 
Ås a result, the point would have a displacement which is the result- 
ant of the two component waves. This’is known as the principle o 
superposition of waves. 

In order to find the nature of vibration of a particle due to 
superposition the following graphical method is utilised. Let the 
two dotted curves (Fig. 33) denote the time-displacement graph of 
the two waves at any point in. their common path. The abscissa 
denote the time, 
and ordinate the 
corresponding dis 
placement. At- 
any time corres- 
ponding to P the 
displacement due- 
5 to one component 
wave is found to be PL and that due to the other is PL’. The two 
have a resultant displacements PC. If, on the other hand, the 


Fig. 33—8Superposition of waves 
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‘displacements at any time are oppositely directed, their difference 
dives the resultant displacemont. In this manner final displacements 
are obtained from point to point on the time axis and a thick curve is 
‘plotted out, which represents the resultant displacement of a particle 
with time. For the type of the superposition as shown in Fig. 33 
its amplitude of vibration is found to be minimum at an instant 
eorresponding fo B and maximum near C. 

29. Beats—When two sources of nearly equal frequencies and 
of moderate intensities are sounded together, the resultant displace- 
yment at any point due to the superposition periodically fluctuates, 
thus causing waxing and waning in the loudness of the resultant 
‘sound. This phenomenon of periodic waxing and waning of the sound 
is known as beats, 

Let the two curves -A,A and DBiBs -(Fig. 84) represent. the 
displacement graphs for the: two component waves at any point, 

t a particular instant as at D of the first curve and at Ho! the 
second, they are ia the opposite phase of vibration. The resultant 
‘amplitude at any point is the difference of the two component 
"amplitudes as given by the point F of the curve [Fig. 34, (iii)]. It 
will be shown subsequently that the loudness of a sound depends 


A; PUTA, 


Fig. 84— Reprosentation of Beata 


pen the amplitude of vibration of the source and consequently on 
the ordinate of the displacement cürve at a point. So that at the instant 
denoted by F the sound heard is minimum. As time advances, -the 
component curves gradually come in Steps, since their waye-lengths 


9 


a 
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are not equal. At K or L (fig i & ii) the phase difference between the 
component vibrations is zero; and the resultant amplitude at M 
is a maximum, being the sun MR ofthe components At this instant, 
the sound heard is maximum. Agein, it decreases and becomes & 
minimum near U, when the phase difference is zero, ie. when ore 
gains over the other by a complets vibration. It is, therefore, evident 
from the graph that there will be a periodic fluctuation in the loud- 
ness of the sound heard. During the interval between F and U, one 
of the components his gained-over the other by one complete vibra- 
tion and therefore one beat occurs. The number of beats heard in 
one second will therefore, be equal to the number of times the 
inte. val FU or MY occurs in one second. 


To take an illustration, let two tuning forks, haying frequencies 
980 and 284, be sounded together and placed on a table. Hach 
vibrating fork has got a displacement curve. The two forks start to 
vibrate together in the same phase as at M (Fig. 34) After » quarter 
ot a second, the slower one completes 70 vibrations and the faster one 
71, This state is represented at ¥ During this interval one beat 
js heard. The number of beats per second is therefore, 4 which is 
the difference between the vibration frequencies of the two forks. 
Similarly, it is found that in every case the number of beats produced 
by two sources is equal to the difference of their vibration Frequencies. 
Under proper conditions beats can be generated by various sources. 
Thus two violin strings, which are nearly turned with each other, or 
two consecutive reeds of harmonium, when sounded together, can 
produce beats. The only necessary condition is that the two sowrces should 
produce notes similar in nature and of nearly equal frequencies. 

Beat tone—When the number of beats per second is more than 
10, they cannot be separately distinguished owing to the persistence 
of the sensation of sound. The beats then produce a continuous note, 
called the beat tone. 

*Mathematical Analysis of Beats—Let nı and ms be the fre- 
quencies of two sources. On the simplest assumption that they 
start with the same phase, the individual displacements at '& point 
at an instant due to the two wave systems accrding to Art. ll are 
given by 

Yi =a sin 2nnıt and yg=b sin Qrngi. 
If na is groater than nı by n, then na-n: =n, 
or, ys b sin !2m (nı * n)t- 
: Therefore from the principle of superposition, the resultant 
displacement y is given by 
y=yı tya=a sin 2mn,t* b sin Qx(ns n) 
=sin Qnnit (b cos Qantt+a)t+b cos 2mnit sin Qrni . (29,1) 
. Equation (99,1) represents another waye equation, Rewrite it 
in the form— 
y=F sin (Qnnit + p) ...(29,2) 
where F is its amplitude and P is the epoch of the resultant wave. 
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To find the values of F and P, we get on expansion 

y=F sin 2mnıt cos p+F cos Qnnit sin p . (29,3) 
Now comparing (49,1) and (29,3) we get on equating the coefficients 

of sin Qn yt, and cos Qnnt. 
Accordingly, F sin p=) sin 2rnt 
and F cos p—b cos 9m 4 a. 
On squaring and adding, we get 
E” =b? sin? 2ant+ b? (cos? nxt +2ab cos Irnita?. 


or BF? =a? +b? - 9ab cos Qnnte (29,4) 
Also tan, p= P Sim “Bent .. (29,5) 


b cos ant +a 


Equation (29,4) shows that as t changes, the amplitude F of the 
resultant dis;lacement a-sumes maximum and minimum values. 


Thus when ¢=0, eos 2mni—1. and F=a+b, which is a maximum 
» i71/9n, cos 2m- —l and F-a-b, ,, minimum 
» t=1/n, cos Qant=1 and F=a+b, » _ maximum 

Hence between any two maximum amplitudes, there is one 
minimum present, i.&, between two maximtm sounds a minimum 

Sound occurs at an interval of 1/m second. In similar way, it 

can be proved that between any two consecutive minimum sounds, 

a maximum occurs in an interval 1/n sec. So the number of beats 

per second =n =n, -n = the difference of the two frequencies. 


From equations (29,2) and (29,5) it is seen that the phase of the 
resultant wave is 2nn,t+; where the value of p also depends on 
time. Hence the frequency of the resultant wave is not actually 
71, but lies at some intermediate value between ns and nz. So the 
fluctuating sound heard would have a pitch lying between the pit- 
ches of the component sounds. To take a simple case, if in the 
above illustration the amplitudes a and b assumed equal, the fre- 
quency of the resultant component wave can be shown to be the 
mean of mo and nj. 


Determination of Frequency by Counting Beats—Take two 
tuning forks of nearly equal frequencies nı and na, one of them (say, 
nı) being known. Strike the forks and place them together on the 
table. Beats would he produc:d, Count the number of beats heard. 
Ii the number of beats be m, the unknown frequency (ng) is cither 
7 +n or nin. 

Now fix up a little wax (or a sliding weight) at the head of any 
prong of the tuning fork of frequency nı. By adding the load its 
frequency is lowered. Now strike both the tuning forks and place 
them together on the table. Beats would again be heard. Find the 
number of beats produced. If the number be decreased, the un- 
known frequency ne is nı=n. But ifit increases me is ny m. 

*80,. Interference of Sound— When two sources of sound have 
got the Same frequency and of a similar wave form, the displacement 
graphs are identical in nature. When two such similar systems of 
Waves travelling almost along the same direct‘on superpose on each 


b 
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other, the phase difference between the two systems of waves al any 
point depends upon the distances of the sources from that point, but 
it does not depened on time. 

Let A and B be two exactly identical sources of sound emitting 
similar sound waves given by the equation: 


b sin oteo sin : ote .. (80,1) 


Let P be the point where the two waye systems superpose and 
let the distances of P from A and B be rı and rs (Fig. 35). The 
amplitude of the wave systems reaching P may be supposed sensibly 
equal and let the amplitude reaching P be a. Now if xv, and ra be 
the displacements contributed by the waves at P at an instant f, then 
by virtue of equation (11,2) we may write 


2,70 sinis (vi —7,)and za =a sinta (vi — r4). 
Then the resultant displacement X contributed by both the waves 


- is given by 
X-ztrg70 sin (o7 r)*a sin 28 (wi ra) 


or X= cet (r4 — ra) sin z v- s ...(80,2) 


This shows that due to the superposition of two similar waves: 
a displacement X is obtained at an instant t, and that’ this 
resultant ‘displacement is another 
wave equation whose amp.itude is 


2a cos E (ra= T8) ——...(80,8) 


and whose phase is equal to 


2m| | Tis 
n sic) 


E 
at the instant 4. B 


Fig. 35 


The intensity or loudness of sound is proportional to the square of 
the amplitude of the resultant wave. If I be the intensity of sound, 


Then, I= 4a? cos? nu — ra) « 4a? cos*¢, say. ...(80,4) 


We take note'of the following two cases: 
= I—Le& ¢=0, m, 9m, 3m, 4m....4&, $ mr, when n=0, 1, 2, 
* 3 ete. 


Then cos? 6=1 and 1«4a?. Maximum loudless is then heard. 
Now for $2 nz. : 


(ri —1o)= zn, whence r — rg = NA -..(80,5y 
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Equation (30,5) shows that when r, —rs 974, i.e., when the path 
difference between the ‘sources of sound at any point P is a multiple 
of the wave-length of the sound, the sound heard is a maximum, — 
This is called coherent constructive super positior. 


je 


Oase II—Iet& = 7. Bn Ox ; ie, 6 (9n 4-1 a" where n=0, 1, 


guae 
9: Cabos 


Then cos $—0 and I=0. No sound is heard in such cases. 


Thus for 6=(2n +1) ae 


a [ri 7 r9) S (n Jn whence rı -ra =(2n+ )j. ...(80,6) 
Equation (30,6) gives the condition of no sound by superposition, 
This is called coherent destructive anter fei ence. 


Experimental demonstration—The conditions for the interfer- 
ence of two sounds are :—(i) the sources must have the same fre 
quency and amplitude, (ii) the nature of waves representing the 
Sounds must be similar in appearance and they must have constant 
phase relation and (iii) the displacements produced by them must 
take place along the same line, In fact, no two Separate sources 
are obtainable which will produce sound satisfying all the above 
conditions. So the usual practice is to divide the waves from a 
Single.source at one region and reunite them at another region after the 
two halves through separate paths of different lengths. 


* * The interference of sounds can be demonstrated. by an apparatus 
due to Quincke, It consists of a mouth-piece, A (Fig. 36) which 
divides into two limbs B and C combining again into one tube EF. 
D is a sliding 
tube by means of 
which the length 
of the path ABDE 
cari be altered. 
In front of A, & 
vibrating tuning 
fork is held, or a 
Galton whistle is 
Fig, 36—Interference of Sound Sounded. The ear 
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It the path ABE is 7 then the path ACDH has been increased by 
1/9, Evidently the difference in paths between ACDE and ACD E 
is half a wave-length. By drawing out the tube to D", a maximum 
effect is again obtained, so that the path difference between ACD E 
and ACD"E is again one wavelength. Thus the wave-length of the 
particular sound is obtained by this experiment. 


Examples : 

1, A turing fork, originally in unison with another tuning fork of frequency 
956, produces 4 beats per second, when a little wax is attached to it. What is 
its frequency now ? 3 

Ans. When 4 beats are produced with a tuning fork of freqnenoy 256, the 
frequency of the tuning fork under observation may be 25644, (i.e., 252 or 260) 
per second, 

Now to attach any little mass, such as wax, to the prong of the fork is 
equivalent to some extra loading, which diminishes the frequency of the fork. 
Hence the frequency is 252 per seo. 

2. A fork of unknown frequency gives 4 beats per second, when sounded 
with another of frequency 266. The fork is loaded with a piece of wax and 
it again gives 4 beats per second with the same fork, What is the frequency 
of the unknown fork ? : 

Ans. Since the number of beats per sec. is 4, the unknown frequency of the 
fork is 956+4=160 or 252 per sec. By loading the fork with wax, its 
frequency diminishes. If now the number of beats per sec. be 4, the possible 
case is that its frequency diminishes to 252. Thus the original frequency of the 
fork must have been 260 per sec. 


9. Calculate the velooity of sound in a gas in which two waves of lengths 
land 1°01 metres produce 10 beats in 3 seconds. 
[U. P. B —1954 ; R. P. B.—1959/ 


Ani Let the velocity of sound in the gas bs V metres per second. Then 
ihe frequency ^, of the wave-length 1 metre is given by 
V2n,Xl, whence n,=V. 
Fora similar reason the frequency ^ corresponding the wave-length 1°01 
metres is given by 


5 nd 
V=n, X1'01, whence ^, ToL 
Since by hypothesis the difference of frequencies is, we get 
V _10 *01 
-— = or —x 
ro 9 ^" jor 
&lves the velocity of sound. 


91. Electrical Method of determining Velocity of Sound— 

his is a laboratory method of determining accurately the velocity of 
Sound in open air, in which the uncertainties of wind, temperature 
and humidity effects can be satisfactorily controlled. The room, in 
Which the experiment is performed, may be 30 ft. to 40 ft. in 
length, having a good number of windows and matting on the floor 
and having screens from the ceilings so as to minimise sound reflections 
from the walls and to check reverberations. The apparatus consists 
9. two parabolic reflectors Ri and Ra made of wood or plaster of 

ars and having a facial diameter ranging between 4 feet and 6 feet.’ 


v-2. whence V=336'66 metres per sec. This 
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Facing each other, these reflectors are mounted on two vertical stands - 
moving in a long and straight groove so as always to be in one 
line (Fig. 37). ! 


T 
Fig. 87—Hebb’s Method 


A source of sound S, preferably of high frequency (for exemple, 
a tuning fork of frequency of about 1000 cycles per second) is placed 
atthe focus of the reflector R,. In more recent days a lond-speaker 
aproducing a continuous note is used as the source. In front of tho, 
loud-speaker there is a microphone M, which immediately receives 
the sound and sends a current fluctuation through a coil Pa in an 
electrical circuit containing a battery and a rheostat rı. The coil 
P, forms the primary cireuit of an induction coil, its corresponding 
secondary coil being P. A periodic magnetic flux is thus generated 
in the secondary coil which actuates the telephone T in which the 
sound of the source is distinctly heard, This telephone receiver 1$ 
generally kept in a separate room, £o that direct sound from the 
source is not heard. The rheostat 7, can be adjusted to a desired 
loudness of the tone heard in the telephone, 


The source of sound, being at the focus of Ri; sends a parallel 
beam of reflected sound to R which again refocuses the sound to 
its focal point, where there is a second microphone Ms. This 
microphone collects the sound pulses and sends a similar. current 
fluctuation to the associated electrical circuit containing a battery 
rheostat 72 and another primary coil P, wound on the same con® 
These electrical fluctuations in the coil Pa also actuate the tele- 
phone receiver T, 


Now if the fluctuating currents in the two primary P, and Pr 
are in the same phase, the induced magnetic flux changes in the core 
would be additive and the sound heard in the telephone "would be 
loud. If, however, the currents be in opposite phases, the magnetic 
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flux changes would be the less and the sound would become feeble. 
By adjusting the rhcostats rı and Tg this feeble sound can be very 
nearly reduced to silence. We can assume for simplicity that the 
sound-wave of condensation or pressure produces a current surge 
in the coil in the positive direction while a sound-wave of rare- 
faction or suction produces a current surge in the negative direction. 


The actual experimental procedure consists in setting the S, R 
and Mi in combination fixed at a particular position and in 
moving the MaRa combination gradually away, till the minimum 
gound is heard in the telephone, and finally adjusting the rheostats 
to have practically no sound. At this stags, the current fluctua- 
tions in the coils P, and Pg are in opposite, phases, and by virtue 
of our assum tion a pulse of condensation meets Mi, while a pulse 
of rarefaction meets Ma at the same instant of wice versa. Or, in 
other words, the phases of vibration at M; and Me are opposite 
each other. This can oaly happen, if the total distance from S to 
the mirror Ri, Ri to Ra and Ra to M, is an odd multiple of half 
the wave-length of the sound produced. If this distance is 1, then 


lm (25+ sJ. i ...(31, 1) 


where s is avy natural number and 4 is the wave-length of sound. 
It is not possible to measure the wave-length from. this single 
reading, since the total distance lı traversed by sound by two re- 
flections cannot be accurately measured and s is not a definite 
number. To eliminate uncertainties of | and s, the Ma Re, combi- 
nation is slowly moved further to some other position, where the 
Sound in the’ telephone is again minimum. If now the total dis- 
tance of the wave propagation is la, then 


i - [21 E - (31, 2) 


Subtracting (1) from (2). we get 
la-l =A ++-(31,8) 
where la—lı =the distance which Mg has been moved through. 
This distance can be accurately measured. In practice, fa number 
of readings is taken for successive minimum sound positions and 
the mean value of such distances is taken. This gives the wave- 
length of the sound produced by S. ; 


If the source of sound has a frequency of m cycles per second, 
velocity v of sound propagation is given by 


vy -2À 1, 4) 

. In practice the source may be a standard tuning fork. Or, it 

it be a loud-speaker, its frequency should be standardised by some 

, Accurate process, This method of measuring the velocity of sound 

. Was first employed by Hebb. in 1904. In fact, this is the most 

accurate method of measuring the velocity of sound or determining 
the wave-length of sound in air. icis 


the 


’ 
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32, Stationary Waves—When two systems of identical waves 
travelling in opposite directions in a medium are superposed on each 
other, they give rise. to a phenomenon known as stationary waves, | 
The wave-length and the amplitude of the two systems beng the 
same, they are in a condition to interfere at certain regions, Some 
parts of the medium on the line of pro;agation are thrown perma- 
nenily into maximum vibration. These points are called antincdes, 
Some other points midway between .the antinodes are permanently 
at rest and are called nodes, 


AC--------- \ ig 


c 


Fig. 38—Stationary Undulations 


In order to study the mode of stationary vibration at any instant 
the resultant displacement graphs of both the ineident and the 
Systems over that particular region of the medium is to 


i] 
l 
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be obtained, In Fig. 88 the figures on the left from (i) to (ix) 
represent the successive posiions of a string thrown into stationary 
vibration, These positions are attained at successive intervals of 
T/8, when T is the period of vibration. On the right side, the dis- 
placement curves are drawn. Due to the superposition | of these 
displacements curves the final shape of the string for any instant is 
obtained. To get the successive positions of the string from the 
superposition of the displacement curves, we have to assume that 
these displacement curves move over PQ in opposite directions with 
an equal velocity. 


Since the nature of the profile of a transverse wave is similar 
in appearance to the displacement graph. a transverse stationary 
system of waves also changes form with time exactly as in the 
above diagrams. As for example, if one end of a string is attached 
to the prong of a tuning fork and the other end is stretched by a 
weight passing over a pulley, then by striking the tuning fork 
statiovary transverse vibrations are set up in the string (Fig. 39). 
All the su:cessive stages of movement in a complete period of the 
wave are presented before the eyes and the combined effect is 
observed. In consequence, the string appears to vibrate in several 
segments. 

A study of the figures show that the wave-length of each of the 
component waves is double the length of each segment, i.e., double 
the distance fron node to node or from antinode to antinode. Hence. 
by measuring the distances of three consecutive nodes the length of 
the wave can be determined. i 

In the case of stat.ovary longitudinal vibration, the antinodal. 
regions will have the greatest amount of oscillatory motion along the 
line of propagation : ; um 
&nd no motion at 
the nodal regions. 
But it is to be 
noted that nodes are 
plac’s of greatest 
variation of pres- 
Sur and the 
an'iondes the least. Fig, 89—Stationary Vibrations of a String 
By taking a Galton whistle as the source. and a sensitive flame as the 
detector, the presénce of nodal and antinodal regions in air can be 
demonstrated by putting the sensitive flame at different points along 
the line of propagation. At the nodes the flame will flicker most. 


Distinction between. Progressive and Stationary Waves— The 
following are the distinguishing features between the progressive and 
Stationary waves :— 

la a progressive wave—(i) Hach particle of the medium executeg 
a periodic motion about its mean position. (ij) At any instant 
there is a continuous change of phase -from particle to particle. 
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(ui) Every part of the medium undergoes similar changes of pressure 
and density, as each complete wave passes across it and is restored 
to the original condition after each period. (iv) In a transverse 
wave a complete waye-length comprises a crest and & trough, while 
in a longitudinal waye a complete wave-length contains a condensa- 
tion and a rarefaction. (v) The wave moves with a velocity depending 
upon the properties of the medium and some other factors. In 
other words, there is a transference of a certain phase as also of 
some energy from one part of the medium, to the other with a 
definite velocity, 


In a stationary wave—(i) All particles of the medium except 
those at some. equidistant points, execute a periodic motion of yarying 
amplitude, the period being equal to that of the component waves. 
The points, where the amplitude is zero, are called modes. At scme 
other equidistant points midway between the nodes, the amplitude 
is maximum ; these are called antinodes. (ti) At any instant all 
particles between two consecutive nodes aré in the same phase of 
motion, the phase difference between the particles, that lie on cpposite 
Sides of node, being 180°. (iii) The parts of a medium undergo 
the greatest change of pressure and density at the nodes, while si 
the antinodes the pressure and the density are nearly uniform. 
Twice in each complete period the particles lying along the direction 
of wave propagation comes to rest. (iv) The wave-length is equal 
to the distance between three consecutive nodes or antinedes, since 
the particles, separated by this distance, are in the same phase of 
vibration. (v) There is no permanent transference of the particles from 
one part of the medium to another. Condensation and rarefaction do 
not move from point to point ; but simply appear and disappear at 
certain equidistant fixed points. 


33. Free and Forced Vibrations—Every object, when properly 
struck, is capable of vibration. The frequency of. vibration depends 
upon iss mass, shape and elastic properties. Such a vibration, which 
is characteristic of the object, is called its free vibration. The 
period, with which it vibrates, is called the free or natural period of 
the body. The natural periods of different bodies are different. For 
example, although a simple pendulum and a tuning fork start to 
vibrate together, they would have different periods of vibration. 


When a force changes in magnitude and direction with time but 
assumes the samo magnitude and direction after each definite interval 
of time, it is called a periodic force- "The interval, during which the 
force assumes the same magnitude and direction, is called the period 
of the impressed force. When such a Periodic force acts upon a body, 
whose natural period is different from that of the impressed force, 

. the body at the preliminary stage tends to vibrate with its own 
Period, while the periodic force also tries to establish its natural 
Period on the body. After a few Swings of irregular amplitude the 
body yields to the impressed force and vibrates with the period of 
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this force with some definite amplitude and phase, Such phenomenon 
is known as the forced vibration. 


rene 0a 
CAB un 
0 
\ 
Bh carl B A C 
Fig. 40 Fig. 41 Longer pendulum Fig, 42—Shorter pendulum 


The following illustration furnishes a simple mechanical model to 
represent approvimately the case of forced vibration.» From a flexible 
support (such as India rubber cord ) stretched between two points: 
suspend three pendulums C, A and P of unequal lengths ( Fig. 40 ). 
Set the middle bob A to swing. The periodic force of vibration, 
characteristic of A, is transmitted to C and P through the cord,” 
It is found that the two bobs O and P make some-irregtlar oscilla- 
tions for the first few minutes and finally swing with the same 
frequency as that of A, but with different amplitude and phase. 
The oscillation of the driver pendulum A would be found to die away 
periodically. and this decay of oscillations should be compensated for 
by properly timed push at the extremities of oscillations occasionally. 
Since the period of the driver A is different from those of the driven 
C and P, it is approximately a case of forced vibration. The manner, 
in which the pendulums C and P adjust their lengths so as to attain 
the same period as that of the pendulum A, is shown in figures 41 
and 42 When the pendulum P oscillates, the cord moves through 
à small length B'O' Fig. 4:) with the same period. The pendulum C, 
whose natural period has a lesser value, is made to oscillate with 
the same period as that of A and thus becomes equivalent to a 
Pendulum of length OA, which is equal to the length of the 
pendulum A (Fig. 49). 7 à 


_ When a vibrating tuning fork is held in air; a very feeble sound 
is heard. But as soon as it is placed upright with its handle in 
contact with a table, the sound gets magnified to a great extent. The 
reason for the magnification is that the vibration of the tuning fork 
18 communicated to the table through the handle. The table is thus 
thrown into a state of force vibration. The large surface, vibrating 
ROMA ih CX) SUCUS AU 1 

* In fact, in the experiment stated above, the periodic manifesta itself through 
the agenoy of a material body (driving pendulum) which is put into a material 
Communication with the driven, In such a case there is a periodic interchange 


of energy between the driver and the driven, It is truly called coupled vibratic 
instead of a forced vibration. > ; / waves ee 


Pt. I/S—4 
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with the frequency on the tuning fork, sets an extended mass of gir 
into vibration and so increases the volume of sound, which thug 
becomes distinctly audible. ^ Almost every musical instrument ig 
provided with sone sort of a sounding board. the purpose of which 
is to make the notes louder. In a stringed instrument (such as a 
Sonometer, piano, violin etc.) when the sring vibrates, the periodic 
force of this vibration is carried through the bridges to the hollow 
wooden board which due to forced vibration throws a large volume 
of air into vibration, 


The nature of oscillation of the surface of the board, under forced 
vibration, is represented by the two dotted lines. AP and BQ are 
two bridges (Fig. 43). When in its course of vibration the string 
AB is at the position 1, the surface of the board is momentarily 
bent and assumes the shape as shown by the dotted line 1. Similarly, 
when the string is at 2, the board is at 2, the phase difference 
of vibratioa being nearly 180°. As the string keeps on vibrating 
be*ween the position 1 and 2, it. maintains a forced vibration of 
the board. Is is to be noted that in all cases of forced vibration 
the kinetic energy of. the 
Sounding source is continu- 
ously transferred to the 
forced vibrator through the 
region of contact. Conse- 
quently, | the sounding 
Source will lose energy as 
By to the Surrounding medium and to the vibrator, 


impressed forces is 
rator, it readily takes up the 
considerable amplitude. This 


rrypa from the same cord (E 


there is à mutual transfer of energy between 
n 5 88 a result thereof the driver comes to rest 
lar interval. The energy is then fed back 
simple illustration of synchro- 
yd i s common garden Bod 
X A ce on a platform, i o the 
Merit a slight push in & certain iiber NH the RC is 
yet fbe extreme end of the swing, the other child now takes his chance 
/ Of pushing it backwards, In this way at each extremity of oscillation 


gradually increased, The two child 
‘ impulses having a frequency equal tome? APPL 


nised ` forces im resonance ig afforded 


—— 
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The principle of resonance is applied in some of the Indian stringed 
instruments, e.g. sitar, esraj, etc. In addition to the main strings 
there are several side strings tuned to various musical seales. When 
the main string is played upon, the side strings are successively thrown 
into resonance. The notes thereby increase in volume. Tho forced 
vibration of the body of the instrument produces note which 
increases the sweetness of the tone also. 


Two tuning forks of exactly the same frequency are taken and 
placed side by side. One of them being struck gives out its charac- 
teristic nots. If the fork is stopped by being clapsed, the other 
fork will be found to give out a similar note though of much legs 
intensity. In the case of resonance of two bodies, there is & mutual 
transference of energy. As a result of this, if the supply of energy 
be given once to. the vibrator, after some time then the source 
will have no energy of vibration. Then the vibrator will act as 
the source transferring energy to the oiher which now acts as 
the vibrator. Tne natural process of transference of energy continues, 
till both of them give up all their energy to the surrounding 
medium, 


Electrical resonance play a very important part in the detection of 
wireless signals. Hach broadcasting station transmits wireless waves 
of a certain specifiel frequency. When a radio receiver is to receive a 
message from a certain station, it is to be. tuned to resonance with 
the freqaency of that station. By turning the tuning knob of the 
receiver when the condition of - resonance is attained, an appreciable 
current is obtained in the receiver. This current is further amplified by 
a system of radio valves before being passed through the loudspeaker, 
which gives an exact reproduction of programme. 


Resonance of Air Column—Take a tall empty glass jar (Fig. a4). 
Hold a vibrating tuning fork 
just aboye the upper end on the 
Jar and poar water into it until 
at a particular level, say at E, 
maximum sound is heard. Tf 
another fork of different fre- 
quency is taken, the maximum 
sound is produced at another 
water level. 


This is due to the resonance 
of air within the jar. A definite 
mass and volume of air has 
each a particular natural 
period of vibration. When the 
Period of the tuning fork is 
equal to that of column of E 
alr, resonance occurs. Organ 
Pipes and different types of UR re 


eee Se apa work on this principle. (For further details vida 
rt, 48). ‘ : : 
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*Helmholtz’s Resonators—Helmholtz constructed a series of 
hollow metallic vessels of different sizes, each having two narrow 
openings a and b at the two énds (Fig. 45). The natural period 
of such a resonator can be determined by blowing across the neck, 
when & particular note is heard. The exact frequency, at which 
a vessel resonates, is indicated on the vessel. Jf a source of 
sound haying an equal frequency is placed in front of the wider 
opening of & resonator, the sound is magnified to a great extent. 
A complex sound consists of more than one frequency. When a complex 
sound is made in front of them, there, will be resonance, provided 
that any constituent of the complex tone has the seme frequency 
as that of the particular resonator. Tle resonance can be detected by 
placing the ear at the lower opening when a loud sound is heard. 


35. Intensity of Sound—The intensity of sound ls a measure of 
its loudness or volume, as perceived by the ear. It has also an 
objective existence and is proportional to the the amount of energy 
contained in unit volume of the medium, through which sound waves 
are propagated. It is also measured by the amount of energy passing 
E ur area placed at right angles to the direction of propagation 
of sound. 


The following are the factors, upon which the intensity or loud- 
ness of a sound depends :— 


(i) Amplitude of vibration of the source—The larger is the amplitude 
of oscillation of the source, the louder is the tone produced. In fact, 
intensity is proportional to the square of the amplitude. 


(ii) Distance of the sowrce—The flow of energy per unit area across 
a surface, placed normal to the direction of propagation, is a measure 
of the intensity at any point on that surface. We can thus compare 
by the following procedure, the intensities at two points at known 
distances from the source. 


Let the total sound energy emanating per second from the source 
be E, the distance of one point from the source 
=r,om. and distance the other point from the 
Source —rg om. 


Now draw two spheres with the source as 
the common centre and with 71 and rg as radii 
( Fig. 46 ). 


aroa to the sphere of radius rı is— E 3 
D; 


. Fig. 46 


and that of the sphere of radius rais= 


ae nra” 
s L Br? ra? 


Ia Bim, m? 


wu us the cou at a point is inversely Proportional to the square 


the source, 
FR. 


The amount of energy flowing across a unit 
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(iii) Size of sonorous body—A lam ibrati 

ge vibrating area sendi 
greater amount of energy. Accordingly, the eu is the aes aoe 
sonorous body, the louder is the sound produced by it. For this reason 
church bells, which have a bigger vibration area than an oridinary 
gong, can be heard from a much larger distance, 


(iv) Presence of other bodies—A resonant body near the source 
sympathetically vibrates and so it intensifies sound. Also large reflectors 
concentrate sound energy and act as sound magnifiers. 


j (v) Density of mediwm—Since the kinetic energy of the medium 
increases with the mass per unit volume of the medium, it follows 
that a more intense sound will b3 heard in a medium of higher density. 
Thas cold air conveys a louder sound than hot air. Carbon dioxide 
is a better mediam for sound than air. Motion of the medium 
often helps to concentrate sound ‘energy and thereby increase the 
intensity. ; 


TExEROISES ON CHAPTER IV 


Reference 
1, What are beats? How are they produced ? Art, 99 
(O. U.—1959, '68 ; Dac. U,—1960, 18; U. P. B.—1904, "71 ; 
P. U.—1961, '69; Del. U.—1963, Nag. U.—1961; Del. 

H. 8.—1969; Gau. U.—1952) $ 
3. Explain the phenomenon of boata’ in a sound, How will Art, 29 
you prove that the number of beats produced by two tuning forks 
is equal to the difference of freq uenoies ? (Raj. U.—1903, '05 ; 
V. U.—1955 ; Guj. U.—1962 ; Poo. U.—1962; Bom. U.—1964) 


8. Two forks when sounded together give 4 beats per sound. Art, 29 
One is in unison with a length of 93 cms. of à monochord string 
under a constant tension and the other with 97 oms. of the same 


string. Find the frequencies cf the forks. 
, (0. U,—1952; Del. U.—1960) 


Ans. 984 and 388. 

: Art, 29 
4. Two organ pipes give 6 beats per second when sounded to- 
gether in air oe a gamperature of 10 . How many beats will be 
given when the temperature rises to 24"O t. (Veloolty.of sound in air 
at 0*0- 1088 ft, per seo. 


Ans. 6°15. 
ounded together produce Art. 19 


5, Two tuning forks A and B when s 
5 beats per second. If A N fe A it hed pou et 
Find the frequency of A, e frequen j 
is. r 5 ; (Dao. U, —1968) 


Ans, 961. 
6. Explain with the help ét baron a e a Me beats. Art, 99 
. U.—1982; P. U ; 0. U= de UU 
im ipe U.—1970; Guj. U.—1951 ; Del. U.—1964) 
uning fork of known frequency 


standard t 
7, You are given P alightly different frequency. How would 


and another tuning © d tant 
you proceed to determine the frequency of n (Gans 1973) 


fork ? 
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Reference 
Art. 29 


Art. 29 


Arts, 
39 & 30 


Art. 30 


Art. 92 


Art, 32 


Art, 82 


Art. 32 


Art, 32 


Ari. 88 


Art. 33 


Art, 38 


Art, 38 


Arts, 
33 & 84 
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8. A set of 24 tuning forks is arranged in a series of increas- 
ing frequencies. If each fork gives 4 heats with the preceding ore 
and the last fork is found to be the octave of tho first, calculate 
the frequencies of the fir:t and last forks. (Bom, U.—1964) 


Ans, 92; 184. 


9. A siren having 16 holes in the diso makes 600 revolutions 
per minute, A sounding body when brought near the siren gives 4 
beats per second. When the speed of the siren is increased to 680 
revolutions per minute, the number of beats heard is again 4 per 
second. Oaloulate the frequency of the sounding body. (Guj.—1962) 


Ans. 164 per sec. 


10. Distinguish between interference and beats and describe 
an experiment to show the interference of sound waves. 


ll. Under what conditions can two sound Waves produce the 
phenomenon of interfererce? Describe the Quinke’s method of 
producing interference and explain how it can can be used for 
determining the frequency of a source of sound,  (R.P.B.—1970) 


12. What are stationary. waves and how are they produced ? 
(0. U.—1961; Dac, U.—1965 ; Of. Del. H. 8.—1961. 


13, How is the stationary undulation produced by sound 
waves in air and what are the principal characteristics of such 
undulation? What is character of the motion of air particles 
when this condition prevails ? 


14. What are nodes and antinodes ? How will you demon- 
strate their existence? What will be the eflect on the distances 
between successive antinodes in a column of a gas by increasing 
its temperature and pressure ? 


(Del. U.—1969 ; P. U.—i959 ; C. U.—1960) 
15. Write a note on stationary undulations. 
(Guj. U.—1962, 75 ; Bom, U.—1960 ; Dac. U.— 1962 ; 
Poo, U.—1953, '64; B. H. U.—1959) 
16. Distinguish between a Progressive and a stationary wave. 
Ilustrate your answer by diagrams. 

(Pat. U.—1964, R, P. B.—1971 ; Gau, U.—19€3 ; 

0. U,—1958, '55; U. P, B.—1960, 


17. Explain the difference between free viabration and forced 
viabration. (Raj. U.—1955 ; Poo, U.— 1973) 
18. Write a note on forced vibration. 
(Pat. U.—1952) 
19. A tuning fork is vibrating in free air, distinguish between 
the natures of vibration of the fork and of the medium. If the 
handle of the vibrating fork is helà against a wocden board, the 
amount of the sound produced is considerably increased. Explain 


carefully why this happens. Is the time, during which the fork 
goes on vibrating, affected? If so, why so? (C. U.—1958) 


20. Explain why when the handle of vibrating tuning fork is 
Pressed against a thin wooden board, the intensity of sound is 
greatly increased, (0. U.—1955, '56 ; Of. Pat. U.—1958, *e1) 

91. Explain clearly the difference betweon forced vibration and 
resonance. Give mechanical and acoustical illustration. 


(Bom, U,—1962, ’65 ; P, U.—1971) 
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22. A vibrating tuning fork is placed at the month of an open Art. 94 


jar and water is poured into the jar gradually. Explain what will 
happen. (0. U.—1958, '66 ; P. U.—197)) . 
23. What is meant by resonance? Give mechanical and Art. 34 


acoustical illustration. 


24. Explain the principle of resonance, 27 T 
(Del. H. B.—1958, '60, '72 ; O. U.—1959 ; Pat. U.—1980 ; ^ 
Guj. U.—1953; Utk., U.—1953; R. P. B.—1962) i 
25. What is meant by resonance? Caloulate approximately Art, 94 
the length of the resonance box closed at one end on which a 
tuning fork is to be mounted, The pitoh is 266 and the velocity 
of sound is 1190 ft. per sec. Would the same resonance box answer 4 
for a fork of another pitch? If so of what pitch? 
Ans. 1°09 ft. Yes, it would be 768. | 


96. What are the factors determining the loudness of a musloal 
note ? i (B, P. U.—1962, '64) 


OHAPTER V ' 
MUSICAL SOUNDS : 


l 1 
i 'ordi distinguish 
36 Musical Sounds and Noises—We ‘ordinarily i 
betwoen a musical sound and a noise by a sense of i TOR pe 
A musical sound consists of regular and periodic vibration, 


fea 1 : : sort of confused, sharp 
noise is a discontinuous sound ph gilt ot all these differences 


ir in & medium. 
and irregular movements in AT he duin. betwee theléwó. « For 


e i demarcation Cai ; t 
RUE Hes standing near 8 market place RM east 
noise coming from it ; but when he is at 9 distance, yi M ie 
as they move on are blended together to form iet aei is e bas 
gurgling of s fcuntain, the murmuring v a 
of rain drops often produce pleasing soum B. Mp 

Characteristics of a Musical Sound—Musical ened nig n- 
guished from one another in respect of the following 1 M 

(i) Intensity—It is a measure of the loudness of & note, It has 
been discussed in details in Art: 85. Mà 


(i) Piteh—It is the property, by ping zn ing rd otn 
sound is distinguished from & dull, flat or "ri citi ad 
shown that the pitch of a note depends upon eq 


tion of the source. M AM (GMT y 

(iii) Quality It, is te proponis IE on a ii rd itor 
i ibly of the same intensity’ PUER thet. ict 
ht n har distinguished from cach other. This property 


dito, sharp or shrill 
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(discussed in details in Art. 40 under the heading ‘Quality of ay 
Musical note’) is also termed character, colour or timbre. } 


37. Piteh—The relation between the pitch and the frequeney 
can be demonstrated by an apparatus | 
known as Savart’s Toothed Wheel. 1; 
consists of four discs (Fig. 47) mounted 
co-axially upon a spindle which can be 
rotated at any known speed. All the 
‘discs are of the same diameter ; but the 
number of the teeth on the successive 
dises are in some fixed ratio 4:5:6:8. | 
A cardboard O is clamped in front of the 
disc, so that it can be made to press | 
lightly agaiast any row of teeth 


l 

Fig. 47 When tho spindle is gradually rotated ` 
: a pattering sound is heard initially On 
gradually raising the speed of revolution a musical note is emitted, 
acuteness of which slowly rises. If m be the number of revolutions 
of the disc having n number of teeth, the frequency, with which the 
cardboard vibrates at any time, is mxn. This shows that with the 

increase of frequency of the Source, the pitch of a note rises 


The pitch depends upon the frequency of a vibrating source in 
much the same way as the colour depends upon the frequency of 
light radiations. It is known that the electro-magnetic radiations of 
all frequancies as a whole, are not visible, but that only a very. short 
range from the red to violet spectral colours produces the sensation 
of sight. | Likewise our range of audibility is limited. Although 
different for different Persons, tha highest frequency, to which our 
ear is sensitive, varies between 30,000 and 40,000 eycles per second. 
This can be experimentally varified by an apparatus known as the 
Galton's Whistle or an audio-frequency oscillator with a loudspeaker. 
The ‘lowest audible frequency lies between 16 to 20 cycles per 
second. Beyond these limits no mechanical vibration, can produce 
any effect in our ears, Frequencies above the highest limits of 
audibility are classed under Supersonics or ultra-sonizs The frequencies 
below the audible limits are called infra-sonics, 


It may be noted in this connection. that the pitch of note also 
depends: upon the ‘relative motion of the source, medium and the 
observer. This is explained in Doppler’s Principle (See Chapter X1). 


38. Determination of Pitch—Thero are mainly two ways of 
determining the pitch of a musical note : 


G) Direct or Visual method by (a) Duhamel’s Vibroscope, or 
(b) Stroboscopic Wheel, or (c) Falling Plate Method. 


b. odi) Indirect or Aurieular method by (a) Savarts Toothed wheel 
or (b) Siren, or (o) Sonometer, or (d) Resonanca Column. The methods, 
mentioned above, will now be dealt with one by one, 
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Duhamel’s Vibrosco»e—When the frequency of vibration of a 
body is to be directly recorded, this apparatus is very suitable. Tt 
consists of a cylindrical drum D 
(Fig. 48) which is mounted/on a screw 
cut axle and is provided with a handle 
on one side. . A piece of smoked paper 
is wrapped round the drum, The tuning 
fork T, the frequency of which is to 
be determined, is provided at one of 
its prongs with a style which lightly 
touches the smoked paper. The fork 
is then struck. On rotating the drum 
uniformly, a wavy line is traced out 
by the style on the smoked paper 
The nature of the wavy line traced on 
the smoked paper is shown in Fig 48. 
It two points be marked on the wavy 
line at known interval, the number 
of complete vibrations of. the fork 
during that interval can be directly 
counted. 


Due to friction of the style with the paper, the amplitudes of 
successive vibrations gradually die away. In actual practice the 
tuning fork is run electro-magnetically ‘Art. 9) and the recording of 
time is made with an electrical pendulum, which produces sparks at N 
the end of the style at known regular intervals. Taese sparks give 
spots on the wavy line. The number of complete wayes bein 
any two consecutive sparks gives the number. of vibrations during 


that period. es 
Stroboscopie Wheel—For a detailed description of such an 


apparatus, vide Chapter IX. X ae E 
Falling Plate Method—In its simplest constru on ey ee "| 
consists of a rectangular 
the sel of gravity in a space between two parallel grooves, 8o 
that the plate always remains T 
frequent is to be determined, is provided with a style ab one prong 
as shown in Fig. 48 and the tuning den 
way that its prong just touches the ju i 
position, Tho tuning fork may be excl 5 pal fe 
it may be run continuously with an elec 


switch 
h lamp black. 
i out and smoked lightly wit 
Ni plats MN groove by tying it with 


The h a way that the x 

$ i i i 

aee fork is now bes aptid ŝo that the prong 

othe Ar oe the! peepee falls freely under the action 
leased by cutting © reni : 

ot arsit A trace of the style 18 found on the p 


M 48—Dubamel's Vibroscope 


ot and a contact 
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Fig. 49 (Vide GENERAL, PHYSICS, Part I) the 
‘the curve being the top of the figure. A line is 
and evenly through the curves, 


On this line two points are taken each at the junction of the 


tbe top, say s, and So. Mark 
he number of complete wayes 
Suppose t, and 
fall throvgh the distances 


Then s=} gtx”, whence Ay - 4/28. Similarly ¢, = NET 
g g 


g g 
dt T be the period of 


frequency of vibration, 
interval i, 71, wo find 


m P vn 
cenT-ü-- Tat — : Asa — 24), 
n Ve Nar n 


whence y= WAM ENE AEST 
2 Vsa— Ws, 


Thus by knowing m, g, 51 and sa, the frequency n can be 
measured. 


Savart’s Toothed Wheel—This a 
in the Preceding article To 


CHAP, y) 


starting point of 
drawn vertically 


vibration of the tuning fork and n be its 
then since m vibrations take place in the 


n i 


Praratus already been described 
use the apparatus ylace the source of 


Fig; 49—Waye trace of a Tuning Fork 
Sound on a tablo, Adjust the speed of the wheel, such that the note 
emitted by the cardboard is simi 


frequency of the cardboard is then equal to the frequency of the 
fource. If m be the number of i 


revolutions per s cond of the dise 
having n teeth, the pitch is evi 


dently mn, 

_Seebeck’s Siren-- It 

rows of equidistant h i 

centric circles (Fig. 50). The di rotated at any desired 
speed .9n 3. spindle provided With a speed 


A, 
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ending in a nozzle stands against the disc. The tube is co 3 
to a foot bellows, from which air can be forced against Parone 
The rozzle is set just opposite to one row of ives 
holes and the dise is rotated. The air is thus 
admitted or stopped, according ss a hole or a 
stop passes by the nozzle. Thus a series of 
puffs of air is released at regular intervals, | 
which emits a note of a particular pitch. i 


To determine the pitch of a n 
the speed of the siren diso, Piin 
emitted by the source appears to be identical 
with that given out by the siren. Then the 
pitch of the note heard is equal to that of 
NIAE i the number of holes for a com- | 
plete round bə m and the frequanc tr se - 
lu5ion be n, the pitch of ipn i UA ri in tO 


Cagnaird de la Tour's Siren— This is a more impro : 
siren which can proluce sounds of high pitch. A RA EtA dans e 
the apparatus are the following (Fig. 51):— 

(i) a cylindrical hollow box B, known, 
as the wind chest, the lid of which contains. 
equidistant concentric holes; | i 

(i) a dise D with an exactly equal. 
number of holes, supported just above the- 
lid over a vertical spindle, about which it. 
can rotate with as little friction as & possible. 
(The two systems of holes make an angle 
with each other, so that air blown into the 
wind chest through leading pipe rushes 
out and strike against the sides of the hole... 
This rotates the upper plate D); 

liii) a leading pipe A from a foot- 
bellows to the wind chest ; 

(iv) a speed counter PP attached to the 


vertical shaft on tle disc. 
Fig. 51 Every time the two rows of holes are: 
| opposite each other during the rotation of the disc, 8 puff of air: 
escapes through each Bolo SD NDS IP dise If the upper diso 
contains m holes and its frequency of revolution is * 8$ indicated 


by the speed counter, the number of puffs issuing from ts 
in the lid in one second is oles in the li 


equal to m * ^. The m h € 
merely serve to magnily the sound m times, since at any particular: 
instant m puffs come out simultaneo 


usly from the wind chert. The 
modern type of this siren is run electrically. and is largely used as 
Signals. Miu) 


S»nometer—The determ: 
by this mothod consists 19 


ination ot frequency of a source of sound 
tuning th> mote of a tonometer wire- 
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! 4 

EU] 
of the known mass by properly adjusting its tension and length with 
the note emitted by the source. (Vide Art. 45). $ 


Resonance Air Column—With reference to Art. 36 it has been 
stated that when a source of sound is held at the mouth of a tube 
partly immersed in water, a resonance occurs at a certain height of 
the tube, depending upon the frequency of the source. The frequency 
can be determined, when the length of the exposed part of the tabe 
and the velocity of sound are known (Vide Art. 49). 


Examples 1 


1. The disc of a siren is making 10 revolutions per second. How many hole 
must it possess im order that it may produce 4 beats per second with a tuning 
fork of frequency 484 * [0. Una 

Ans. Let the number of holes in the siren responsible for the production of 
sound be m. Since the frequency of revolution is 10, the pitch of the note 
prodaced = 10m. 


Four beats are heard with a tuning fork of frequency 484. Consequently, 
the pitch of the siron may be 48414 de., 488 or 480. Now either of these 
numbers would be equal to 10m, where m is an integer. It, therefore, follows that 
if we put 10m=480, the value of m is integral and equals 48, Not so is the cast 
if we consider 488. 


9. In an experiment to find the frequency of a fork by dropping plate method 
the plate was dropped through 2°5 cms. While falling through anothor 11'9 cms, 
the fork was found to make 94 vibration. Calculate the frequency of this fork, 
given that 9=960 oms./sec.. [Del. H. S. 1946) 


Ans. Let the time required by the plate to fall freely from rest through 5 
distance of 2°5 cms., be ¢, seconds. i 


Since s=igt,* we have 19i, *25, or 490 4,* 25. i 
tab a j 
or, f, ioe’ or ¢,=0°071 soo, 


Again let the time or during which the plate falls through a total distance” 
of 25+11'9 or 14'4 oms, be ty. en for a similar reason, 


242 1,*—14'4, whence t,= M in sec,  0*171 sec. 


Therefore the time to fall through a distance of 11°9 ems. is (0 171— 0071) 
sep, O'1 sec. If T be the period of vibration cf the fork and n its frequency, then 


qt, Since by the-problem, 294T=0'1, we deduce Ao, whence the desired 


frequency is 240 per sound. 


89. Quality of a Musical Note—The quality depends on the form 
of the time-displacement curve. Figure 52 represents the displacement 
graphs due two 
musical sounds. The 


the curves is the 
length of the line 
MM’ and therefore 

Fig. 52—Wave curves for Two Notes they have the same 
frequency. or pitch, since the velocities for both the waves are equal. 
The amplitude for both the curves are equal, though they do not 
‘occur ati the same instant. fo their intensity is the same. Yet 


a 


wave-length for both ` 
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because the shape is not the same for the ‘t 

heard may be distinguished from each aes Herd MM 

is that due to a tuning fork and the sawtooth curve MBN is due to 

violin string (Fig. 52). It is due to the difference in the nature of 
bc ‘ s 


Fig. 53— Wave curve for a Complex Note 


these two displacement curves that two notes have got different 
qualities. 

F gure 53 represents a wave form of another note, which is very 
much different from a simple harmonio curve. The line of reference 
is the central straight line and the wave curve is periodic in rature. 
The wave-length is the distanco between the points B, O, D, etc. 
Such a complex wave form is due io the presence of harmonic fre- 


quencies in it. Thus the quality of a musical sound finally depends 
i 4 in ib and their relative 


on the number of various harmonics presen 

phases and intensities. 
40. *Consonance an 

when two simple tones of 


d Dissonance—It is ap observed fact that 
different frequexcies are sounded together 
creates a pleasing sensation to the ear, 
d the two sounds are said to produce 
bination of two tones, even when each is 


musical, is sometimes Very much disagreeable. This is called 


dissonance and ‘the tones produce & discord. 


Helmholtz suggested that this discordance Or 


the production of 
a sort of jarking sensa i 
similar effect is felt in 
41. Musical Interval T amo 
when two notes are sounde oe 
wide range of frequencies. - Tt has been found im alt eee zs ry 
notes form a pleasing combination, when the ratio of their frequenc! 
is expressible by two simple integers, neither of 
The ratio is called the interval SS ies 
example, if mı be the frequency of one | i ^m. be th 
i E T a E P 
the interval between them ta iin. the interval between the 


frequencies corresponding to three ‘ner the 
6 ondine a and that between the, DU the thi 
frat and ee ee * interval between the first and the third 


is n/ng. But as | 
nans -njilns PY NL 


~~ 


TN 


it key-note do not fii exactly into t 
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the. total interval (n3/ng) between two notes is obtained by multi; lying 
the component intervals due toa note having an intermcdiats 
frequency na. 


*42. Musical Scale—Between a particular note and its octave sig 
intermediate rotes have been chosen, such that the interval between 
"any two of them may be exactly, or very nearly, equal to the principal 
“constant ratio. The ear is able to distinguish the succession of 
athese tones, There are called the musical scales and are distinguished 
‘by the letters 

C, D, E, F, G, A, B, Ce 


Tce interval between O and c is an octave. The lowest of the 
‘series that is O here is celled the tonie or the key note of the scale, 
“The musicians often name these scales as follows: 


Bui ere miada «c poled}, Ia wb x do; (Western 98888 


"or Sa re ga. ma pa dha ni sa...(Indiam system) 
Do or Sa being the key-note. The intervals between the key-note 
sand the successive scales are 
L$£ OR S S A A an 
The relative frequencies &re 
24, 27, 30, 32, 36, 40, 45 and 48. 
Tae intervals between each pair of consecutive notes are 
9 10 isn 9 10 9 16 
$ v» i$ $ Ys $ and i$. 
It is seen that the intervals are'a major tone ($), minor tore Ce) 
"or a semi-tone (1$). There are two major tones D: CO and G:F in 
the scale. For this reason it is called Major Diatonic Scale. 


Tempered Scale—To suit the voice of a singer in music, any of 
the scale may be selected as the key-note. For this reason the 
‘diatonic system is not suitable as would be put in evidence from the 
following illustration : 

Let the frequency of the tone of a scale be 256. According to 
‘the chosen intervals the frequencies of the scale corresponding to 
‘this tone are 

SARE RI UMS Eu Hor] 4. e. 

256 288 320 341 384 427 480 512 576 640 682 

If the frequency: 288 be chosen as the tone, the succeeding scales 
»according to the same intervals are 

D E F G A B c d e f 
288 394 860 384 439 480 540 576 648 790 
Tt is seen from the above tha 


80 some new scales are necessary. If, again, E is selected 
e ld be some more scales are to complete its 
Is way innumerable scales are to be constructed so as 
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To meet) this difficulty some of the intermediate scales: have been 
slightly altered in frequencies in such a way that the notes corres- 
ponding to one as the key-note may serve for any other key-note, 
The slight alternation in frequency is called musical temperament, 
The successive intervals are the same in the tempered scale, In an 
octave consisting of 3 scales, B additional scales have been introduced, 
mvking a total of 13 scales having 12 intervals. Since the interval 
of an octave is 2, the successive intervals being z, we find | ^ 


21329, 
or m-9T*- 1065946. 
In equally tempered scales the notes with the corresponding 
intervals are j 
C Os D Ds; SB Eois ci GERI Air ais BAN 
1 gt? git gt? gis grs gis gia grs git git “git 2 


The sign § attached to a note denotes the corresponding sharp or 
sharpened note. In a piano or harmonium the white keys (ej., 
C, D, E, ete.) represent primary notes, while the black keys (¢.9., Os, 
Ds, etc.) represent the sharp notes. Note that sharp note of a 
preceding key is equivalent to the flat or flattened note of the 
succeeding key ; 6&4. Os- DF, Ds= Em, eton, the sign F being indica- 
tive of a flat note, ; : 

The following table shows the change brought about by equal 


temperament, 

C D E F G AB c 
Natural ale . 1'000 1'125 1250 1833 17000 1667 1878 2000 
Tempered ale.. 1000 1192 1'160 1 325 1 498 1 682 1 888 2 ed 
Frequencies  ... 290 9872 322°5 | 3892 383'3 4806 438'8 6 


i Scales—Helmholtz’s 
44, National and Pitch for Musical. : 
notation of the scales is usually adopted musicians and is represented 


over any octave by the letters : 


Cs Ds Fs Gs As 
o PE EF G A Be 
pr Er GF Ar Br 
a at i ; aem fa 
cena cana ae cm e e 
3i a ay a ku mM a 


one after the other. 
with different. sub- 


Frequonoy of dA. Tae noie ii the seme a ANa MAs commonly 
of a 16-foob organ „pipo: Hence j ul Viet uda Pride ie qo 
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spoken of as 16 foot octave. The initial and final letters with ‘their 
corresponding frequencies of all the octaves of a pianoforte are 


1st 9nd 8rd 4th 
Octaves 0;...t0 |.B,| CO. t0..B | c...to...b c..to b 
Frequencies | 32 .. to.. 60 | 64...t0...120 |128 . to...240 1256...to...4E0 
ve 5th 6th 7th 
Octaves 0" esto, vb" SET NA Des, a" "tor b " 
Frequencies! 512...to.. 960| 1024...to 1920! 2048 .. to...3840 


As shown above, the musical range rarely exceeds 7 octaves since 
the fundamental frequency approximately lower than 89 or higher 
than 3840 loses its musical character. For this reason a complete 
musical scale, as that in a piano, contains 7 octaves. It must not be 
thought that in music frequencies higher than about 4000 are not 
required. To have the quality of a sound a few harmonics along 
with the fundamental tone are always required, The harmonics of 
higher pitch of musical notes are sometimes found to have frequencies 
as high as 10,000 or even higher. It is for this reason that to 
reproduoe a music faithfolly and sonorously, amplifier speakers 
should have a frequency response from 20 up to 10,000. 


45. Some Technical Terms—The following terms are commonly 
used in music ; 

Triad—Whenever three notes are sounded tcgether, such that 
their frequency ratio is 4:5: 6, they form a concordant combination. 
This is known as a musical triad. Thus O, E, G or F, A, Care 
triads. 


Chord—I a triad be sounded with an additional note, such that 
this stands on octave to the lowest note of the triad, the combination 
is called a chord. The common chord is formed of the first, third 
and the fifth of the notes of the scale, the interval. between the first 
and the third being $, and that between the first and the fifth $. 
The intervals are known as the major chord and minor chord. 


Harmony—Any combination of a number of notes; which being 
simultaneously sounded produces a sensation of a concordance, 19 
known as a harmony. Western music, which mainly consists of chords 
and triads, is based on the principle of production of harmony. 


Melody—When a series of notes is successively produced in such 

a way that the resulting combination produces a musical sensation, 
ib is called a melody. Indian music, which mainly consists of tans 
and gitkiris, is based uponsthe production of melody. 

i .Solo— When a single instrument is played upon, it is called & 
solo ; e.g., & piano-solo or a violin-solo. 

| Orehestra—When a number of musical instrument is played upon 
to produce an atmosphere of harmony or melody or both it js called 
an orchestra. . Cad 


x48. ‘Human voice—'The organ, that enables a person to speak 
sing, is called the larynx or the voice bow, a transverse section of 
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which is shown in Figure 54. It is situated in the trachea or 
the wind-pipe of the throat. It consists of two flat and thin 
membranous bands ©, ©, called the 
vocal chords, which are stretched 
across the trachea. The membranes are 
attached to the muscles, which regulate 
their tensions as well as the air space 
between them. This space is known as 
the vocal slit. 


When air from the lungs is forced out 
through the slit, these membranes are set 
into vibrations like reeds producing a 
sound. The nature of sound given out A 
depends upon the air cavities of nose, Fig. 54 
mouth and throat, which act as resonators. E : 
The natural pitch of the voice can be altered by altering their capacity 
and the size of their openings. The movements of the tongue and 
jaws give rise to articulate sounds. The peculiar vibrations. of the 
Vocal chords can be observed with an apparatus known as & 
laryngoscope. In whispers the vocal chords remain open and are 
not set into vibration. The sound is produced by the expulsion of 
air through the opening of the throat and mouth. The resonating 
effect of the air cavilies can be detected, when air is forced through 
the lungs with the mouth open. It is found that a faint dull sound 
is emitted in every case, the nature of which depends upon the shape 
of the mouth. 


The pitch of the human voice depends on the tension and thick- 
ness of the vocal chords. The vocal chords of men are much larger 
and thicker than those of women and children. For this reason & 
male voice is much deeper than that of a female. 

.. 4. Human ear—The human ear may be subdivided into three 
Fparts, viz., (1) external ear, (2) middle ear and (8) internal ear or 
labyrinth. í 


Fig, 65—Human Far Fig. 56—Magnified section of Cochlea 


The external ear consists of the pinna or the projecting extension 
T (Fig. 55). The form of the outer ear: is slightly concave, so as to 


Pt. I/S—5 


* 


5 
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beable tovcollect ‘sound waves and concentrate them into the ear 
passage. There are three small muscles attached to pinna and these 
are meant to turn the ear in various directions, These muscles are 
much active in lower animals; but with human beings they have 
fallen almost out of use. 


The auditory meatus is the ear passage M. It is about an inch in 
length and is closed at the inner end by membrana tympani or the 
ear drum D, which is an elastic membrane stretched across the ear 
passagee An external examination through the ear passage can 
provide a vi:w of the drum. 


The middle ear extends from the other side of the ear drum and 
consists of three little pieces of bone joined to one another and acting 
somewhat like a lever. One of these, H called the malleus or 
hammer, has one end attached to the tympanic membrane, while the. 
other end is connected to the ineus or anvil A. This again, is coupled 
with one end on the stapes or the stirrup S ; the cther end is fixed 
on àn oval membrane at the entrance of the internal ear. The function 
of these three inter-connected pieces of bones is to carry any vibration 
of the ear drum through the middle car to the oval membrane on 
which rests the stirrup. In order to have an easy vibration of the 
ear drum, the pressure on either side of the drum is normally equal. 
This equality is preserved by the air filling the middle car at atmos- 
pheric pressure and by maintenance of free communication of air by 
the tube E from the throat which is called Eustachian tube. 


The internal ear consists of the central oval cavity, called the 
vestibule, just behind the membrane on which the stirrup rests. 
this region there extends a bony tube C, called the cochlea, 
which is a spiral of two and a half turns and divided into two 
compartments throughout its length, but has no direct communication 
with each other except at their ends, Figure 56 represents a magni- 
fied transverse section of the cochlear tube. A watery fluid fills both 
the compartments, Tf any vibration is seb up on the oval membrane, 
waves are produced within this watery fluid in the upper compart- 
ment known as scala vestibuli (SV). These waves travel round the 
entire length of the cochlear canal until they come to the spiral end. 
At this end there is & tiny hole, called helicotrema. which communi- 
cates with the lower chamber known as scala tympani (ST). The waves 
turn round throigh the hole, enter the lower compartment, follow the 
entire course and are ultimately damped by. another membrane closing 
a round window just below the oval cavity. A thin and flexible 
membrane MR, called the membrane of Reissner, divides the scala 
vostibuli into a small triangular compartment known as canal cochlea 
(CO) containing some fluid. A part of the vibration due to waves m&y 
pass across this region to the round window. The upper compariment 
contains basilar membrane (BM) and the organs of corti placed 
upon it. The membrane is connected to the auditory nerves of the 
zen etin the hair cells in corti. 
ai tonorous vibrations in the air are jcollected: by the pinna and 
sre led to the auditory: meatus, The waves, as they pe down thé 


Ce 


"—- 


ART. 47 » MUSICAL SOUNDS 6v 


ear passage, are more and more condensed and finally they impinge: 
upon the ear drum, causing it to vibrate likewise, When the ear 
drum vibrates, it sets the malleus into similar vibration and thus æ 
sixilar motion is handed on to the membrane of the fenestra ovalis- 
through the anvil and the stirrup. The vibration of fenestra ovalis. 
is communicated to the fluid and throws into resonance that part of 
the basilar membrane which has & natural frequency equal to that of 
the incoming waves. The vibrations of the membrane set those hair- 
cells of corti into resonance which have the same natural frequency. 
Thence they are ultimately carried to the brain ‘where the sensation. 
sound is perceived. å 
Although not directly connected. with the sensation of hearing the: 
internal ear is provided with three semi-circular bony pipes N contain-- 
ing some fluid. ‘These three pipes have got their bends in three per- 
pendicular planes and are inter-connected with one another. They are 
known as semi-circular canals and are suppossd to maintain the 
stability of & man while standing up or walking. Any disturbance 
of the fluid in any one of these pipes would cause temporary 


instability. 
EXERCISES. ON CHAPTER V 


Refertmw ` 


1. Explain the terms loudness, pitch and quality of sound, Art, 86- 
(Anna. 0.1901 : P. U—1969; Dao. U.—1962; Utk. U.—1908) nos 
2. What is the essential feature of a musloal note which 
distinguishes it from noise? (P. U.—1958, '69 ; ince RE A 
8. Distingui.h clearly between the, loudness and pitch of a , 96 
musical BU On what physioal sa ert a eT end 
respectively depend ? OP. 0.1988 ; P. U,—1956, '68, ’66) 


4. Describe some form of siren and explain how you would use Art, 88 


it to determine the frequency of a note. à 

65; O. U.—1950, '63, '06 ; 

(Utk. U.—1961; Gau. U.—1951, '65 Dg. t. "58, 10) 

5. A siren having a ring of 200 holes is peri eh me 

tions per minute. It is found to emit @ note, wh irc ria cf 

lower than that cf a given tuning fork, Fin ‘Gan y par 
the latter. 


Ans, 800 per sec d 
6. Describe some form of siren and egaa i ace ihe 

disc of a siren is making 10 revolutions per C wong 

loles must it possess in order that it may (Dee. du 

tuning fork of frequency 480? 


Ans, 48. i " ot 

T. Describe a direct method of dei n6 ne 1000, 9): 
a tuning fork. (Del. H, 81969) Del. t diameter Ark 98 

8. The cylinder of a Duhamel's peru nA of wavy: 
14 oma, When it is ep hos bed p arama is found to be 
Paese e i" the tuning fork tracing Ln , curve, 
(w= 92/7). ; 


Art, 88. 
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Reference 
Ans. Since the radius of the cylinder is 7 cms. and as it un- 
dergoes one revolution per sec., the distance moved through by 
any point on the cylinder in one second = (2X 1X 3?) om. 44 oms, 
“As the number of waves in 44 cms. on the dram is 100, 
" 3 » » 44 ems, ,, =*P2x44=100, 
Hence the frequency of fhe fork=100 cycles per second. 
Art. 47 9. Describe a human ear with a sectional diagram. 
(Cf. Guj- U.—1964 ; O. U.—1962) 
Art, 47 10. Give a brief description of the human ear with a neat 
i diagram and mention the functions of the different parts. 
(0. U.—1958) 
Art. 41 11. What are musical intervals. Explain the various ways of 
dividing an octave into musical intervals. (B. H. U.—1960) 
Art. 42 12. What is meant by diatonic scale? 
(Bom, U.—1962; Guj. U.—1959, ’65 ; E. P. U,—1960) 
Art. 43 13. Write a note on Tempered Scale. 
(Bom, U.—1970 ; Guj. U.—1961, '65) 
Arts. : 14. Define musical interval, harmony, melody and chord, 
41 & 45 Show that the interval sa and ga, is obtained by multiplying the 
intervals sa and re, re and ga, but not by adding them, 
(P. U.—1958) 
Art, 41 15. Write the relative frequencies of notes comprising a 
diatonic scale and find the interval between each pair of conse" 
cutive notes. (P. U.—1953, 765) 
Art. 41 16. Give the relative frequencies of notes In a diatonic scale 
showing where half notes come in. (P. U.—1969) 
Arts. 17. What do you understand by the terms fundamental - 
40 & 41 notes, musical interval and octave? Illustrate these by reference 


io diatonic scale and show that the interval between two notes 
is equal to the product of the notes lying between them. 
' (P. U.—1968) 


CHAPTER VI 
VIBRATION OF STRINGS 


48. Vibration of a String—In Physics a string is defined to be 
a portion of a material medium having a length very large as compared 
to its breadth or thickness. Further, it must have uniform density 
and cross-section. A metal wire is & good example of & string. A 
piece of wire, fixed at one end and free at the other, can be made to 
vibrate either transversely or longitudinally. If s sudden jerk is given 
at the free end at right angles to the length of the wire, transverse 
pulse, which travels towards the fixed end with a definite velocity, is 

` generated. ; 
When, however, a-series of waves is set up a continuous vibra- 
tory motion at the free end, these waves are reflected back from the 
fixed end, These two systems of waves are superposed along every 


d 
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point of the string, giving rise to stationary“ waves. In the case of & 
string stretched between two points, stationary waves are also set 
up when it is plucked, struck or bowed. 

Longitudinal stationary wayes can be generated in the wire or & 
rod fixed at one end, by rubbing it along its length with a piece of 
pase leather smeared with resin powder or with a piece of wet 

annel. 

*49. Velocity of Transverse Waves along a String—Set up & 
wave in a string under a fixed tension and let the wave move with 


to the left with an equal velocity, the 
Fig. 57- Transverse pulse 
the observer 

wave curve would appear to the obs a euh the wave 

i i i posi irection. If the top 
curve with a velocity V in the opposite direction I 
portion of the wave curve be assumed circular, _ the E Nom 
assumption leads to the case of a epi brun Ben o pie 

i i tial velocity 

part of a string having a tangens piety ie "a ? on ihe 
curved portion and imagine two very small lengths Pa an 
either side of the point. Since the length ab of the send Bones 
small, its curvature may be assumed to be li Ob Ae die 
portion let O be the centre of curvature. Join Oa ns Popa 
points a and b draw two tangents (on a suitable scale rept $ 
the length of each being proportional’ to the tension LM n 
Consider the equilibrium of the small ipa Eius seis 
displaced state. Since the element is moving ser m M ibo 
V along the curvature, jt is acted on by & cem WA EE noe. the 
direction PO towards the centre O of the cirowar S76. 


PO supplies the necessary 


i ion of the string 
ES taita of the elements Pa and Pb 2t 
4 mass per unit length of the string 7d 
z radius of curvature of ab 5 Tubs 
„ angle subtended by ab at f ai 
and „ linear velocity of the way navi 


Then the component of the tensions poine pi feam ends 
element ab along PO js= 2T sin o 978, (sine 
=T., E f 
s 
^ j Kam, 
Also the centripetal force of the elemen R 
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Hence for equilibrium we have the equation 


à s. _2ms V? By EN 
2T. WU RM whence V J2 vs (49, 1) 


4 Examples ; 


1, Find the velocity of transverse wave in a string under a tension of 023 
. gm., the mass of the string for a length of 65 cm. being 0'52 gm. 
Ans, The tension in absolute units= (0'23 x 1000x981) dynes. 


Also the mass per unit length of the string = 072 gm.=0'003 gm. 
Finally, the velocity of the waves = 0'08 X 1000 X 981 om, /se0, 
wii MEO 


2: 5310 om,/seo. 


2. A ropa weighing 50 grams per anti metre is strotched by a tension ot 
25 kgm. weight between to points, 30 metres apart. If the rope is plucked at 
one end, how long will it take the resulting disturbance to reach the other end ? 
(Given g=980 o.g.s.) 


Ans. In absolute units the tension T=(25x 1000x980) dynes and the mass 
per length of the rope=(50—100) gm |cm. - 0'5 gm. per cm. 


-'.. the velocity Y of the rope wave= V ex Nox 980 em .[s:c. = 7000 cm./sec. 


Hence the time ¢ for the pulse to reach from. one end of the rope to the 


other E sec. — 3? seo, 

_ 80. Sonometer (or Monocord ) - The apparatus consists of: a 
wire SS stretched over a hollow wooden box AA, about a metre long 
XFig. 58). Oae end of the string is attached to a peg fixed on the 
box, while the other end passes over a pulley and carries a pan P, on 
which loads are to be placed, There are two fixed bridges. B,B, while 
a movable bridge © slides under the wire and can fix up any known 
Aength of the wire to be put into vibration. A second wire S'S' is 


Fig. 58—Sonometer 


-somotimos used for comparison or reference and is stretched parallel 
to the first wire, To read the length of the portion of the string 


"under vibration a metre scale is fixed along the entire length of the 
“sonometer box. 


Frequency of Vibration ot String—Take a piece of wire of 
some length stretched over two bridges.. When any part of the wire 
‘between the brilges is plucked with finger, a wave is set up in it. The 
wave is reflected again and again from the bridges and gives rise to a 
System of stationary waves. In the simple form of vibration the wire 


z 
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x 
has an antinode at the middle and nodes! at the two bridges. Therefore, 
the length between the bridges is equal to half that of the wave. 
Let the wave-length of the wire i =A 


» frequency of vibration on the wire =n 
» Velocity of component waye along the wire . lf 
and ,, length of the wire between the two bridges zi 


Then from above consideration if follows that 4=21, 
Also, by equ. (49, 1), V= 4/2. Moreover, Y eni. 


LO 
AN m" 
where m denotes the mass per unit length of the wire, and T the 
tension. If the radius of cross-section of the wire be 7, the area. of 
the cross-section is vr?, Also the volume of the wixe per unit length 
is nr, If the density of the material of the’ wire be P, the mass 
per unit length m of the wire is given by m=ar'p. — 1) 


^ ada f Ring db bir, (60,2 
Hence from (49,1) it follows that n ai ater air’ ap (50,2) 


Hence n= T , whence, n= v9 s (80, 1) 


NE ri 60 long stretched 

1, Find the frequency of the note emitted by a string 50 oms. a 
by a load of dee if 1 metre length of the mae ut M 255 "3 
(g 980 oms.]sec.?) ' deni i D se d 

Ans, Hi the tension T—10,000x9 ynes, the; mass. per ui | ie 
(m=? "415 +100) or "0245 gm.lom. and the length } of the vibrating ogment 50 om 


1 10000 x 980 


UC B= 6ygg "MP ^ 
Consulting the log table, wa got : w ug Mar 
log 10,000 = 4:0000 6:9912 | 2 |8:6020 LP Sai. 
log  980—32'9912.| log +0245 =2'289 4301. | 00 = zo 
“69912 dif286000| |... 0 


s =200 oyoles/sec, = i 

Antilog 2°301=200°0 .. the frequency f A ] 

2. A wire 29 oms; in length and 0'25 in mes "- w x ap 

@ fundamental em of oy 200. : (Pat. 1983} 

ire? (Gi =980 om,/seo*. : 

y p^ d ik cms, ; mass m per unit length = 025/55 gm.fom:=0'1 gm.Jem. 
and n=3200. For the sonometer we now get 


xL T _9090, whence the tension T=10' dynes. 
9x35 ‘ol d 
-1"* gm/wt. (since 980 dynes=1'gm. wt) 
0 


zum a n, in diameter; vibrates 47 times 
0 oms. long and 1'8 mm, in diameter, ue s 
NX A with 20 kilos. Oal ja the density of copper 
tuok $0, P —— a 
Ans. Usual notation being S IRA 
Here 1=100 omg, 7=0'09 cmo n=47 and = (20 x1000% 981) dynes. 
=, Bsp / 
ere 4 20% 1000 x 981 guns fo.o= 8°72 gn. 6.0 
^P^ixignx(009) ^4PX9M ^C 
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' 4 Two tuning forks A and B produce 4 beats per second when sounded 
together, A resonnds io 894 cms., of stretched wire, while B is in unison with 
92 cms. of the same wire. Find the frequencies of the forks, {Mysore U.— 1952) 

Ans. Let T be the tension, and m tho mass per unit length, of the stretched 
wire, If the t mental frequencies of lengths 924 cms. and 39 cms. of the 
wire be ^, and m, respootively, we have, 


1 4/2 zb A/L op Pre OF 
"aV MM nique vt. uk ae 
Evidently n,, is greater than ^,. Since the two tuning forks have frequencies 
LIT f, for 4 beats to be produed por sec. n,—n,-4, io., n, n, 4. 
Snbstituting the value of fs, In the expression for frequenoy ratio, we obtain 


^ 64 

Bi . Sh É = 394, d. 

"4 668 or n,*-220 and so ^, 394, Thus the frequencies are foun 

5. A stool wire, 04 om. In radius, is fixed to a rigid support at one ond and 
is wra round a oylindrical tuning , 095 om, in radius, at the other 
end. length of the wiro between de pog and the support is 65 om. 
when the wire is stretched and the tension is n lgible What would be the 
frequency of the wire, if it is tightened by Git the pog ^ quarter of a turn? 
Given that the density of steel is 7'6 gms./ec, and that its Youngs’ modulus is , 
20X10** dynes/cm.*. 

Ans, The clroumterenee of the cylindrical peg of length ?»r is 

*(2x814 x 0°95) om. 


Bo for a quarter turn it coils the wire by the length 2x8 laxoa em; 
$e, (1°67 x 025) om. 


Again Young’ Tus = —_f0ree/aroa of cross-section —— 
“har aEMCNEE — 7737. length/original length 
Force/314 x (*65)* Force x 65 
Ot 2% 1019 = "Foe V ZR Xi UU] or. Poreex65 — 5. í 
rerxO358/66 '^" $ix(0i'xrorx35 O 
whence the tension on wire Force = 2% ON XIX (90! X BT 98 dynes, 
` Again mass per unit length of the Wire = »7?029:14 x (04)? x 7*8 gm. 

Hence the frequency (n) of the fundamental tone is given by 

L1 4/axi0" X814 x (01) XI85Tx35. 1 , /jx10' x187x 25 
^^ 8xó "V nu ICE 


60 x 8°14 (04)? x T8 65x'T'8 
Fron the log table we found : 
2: - 8010 . 65218129 -9 

m 10** =12'0000 ie 78= “8921 x a ata 

log 1'57= 1959 27050 4'5949 
D, log 952 T3979 21182 

11'8948 219'1898 2°4810 ; antilog 2°481=302'7 
27070 4'5949 
91898 


*. the frequency ^ is 802°7 cycles per second, 


51. Laws of Transverse Vibration of St ings: their Verifica- 
tion- It is evident from (501) that the frequency of a note given out 
. by the transverse vibration of strings depends upon the length, tension 
and mass per unit length of the string. 
f G) _Law of length: not, when Tand m are constants; i.¢-, 
the frequexcy of transverse vibration at a stre!ched string is inversely 
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proportional to its vibrating length for the same or similar string 
(m remaining constant) under a constant stretching ferce. 

Take & number of tuning forks of frequencies ni, ngr nss». 
Stretch a sonometer wire with & fixed load. Strike the tuning fork 
of frequency s», and place it on the board, Adjust the length of the 
wire by a movable bridge till it is in unison with the fork. Measure 
the length of the vibrating segment of the wire. Take three 


With the other forks repeat the same operation. The resultant 
length of the wire is found to vary with different tuning forks. Oall 
the mean lengths lis 1s, ],,--.corresponding to the forks of frequencies 
01, Tay oe Then 

nila engl, *n3ls =o 
ie, nl =a constant. : 

The relation between m and } is graphically represented by 8 
rectangular hypertola. (Cf. Boyle's Law : PV = const.) 

(i) Law of Tension: næ T, when } and m ere constants ; 46^ 
for a given length of the tame string or a similar string, the frequency 
taries directly as the square root of the stretching force, 

Take-the sonometer provided, in addition to its main wire, / ith 
a reference wire under some tension. Stretch the main wire with a 
known tension Ta. Tune a certain length of it with a length. la of 
ihe reference wire. Change the tension of the wire to Ts uiui 


of the reference w're corresponding to the 
main wire. ; 
Now by the law of length, the frequencies Pı and ns of the 
reference wire are inversely proportional to the length lı and le 
This means that lı : le 7s : fa. e 


2 
It is found experimentally that mie 
T, $,* ny? o ns* 
Thug 21471 ne BS 
us i sS 4.6. T, "nh 
no A/T. 
1 


(i) Law of Mass: ne Fo : 
when the tension and the length are kept constant, the frequency 
varies inversely as the square root of the mass per umit lengt. 
a reference wire. Spi a piece 
of wire over the movable bridges of ‘the ‘sonometer. ^ Selon 
per unit length of the wire be ma Take any fixed length of this 
wire and tune it with a length i, of the reference wire. Under the 
same load replace ‘another wire of mass fis per unit length, Take 
a length of it equal to that of the 
length la of the reference wire. 
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f 2 2 2 
Experiments demonstrate that Ine si Put - =a; 
Ma la la nı 
by the First Law. 
2 
Hence ~=- > 
2 1 


P A 1 
Or Mını? =Mn*, which means mn? =constant, i.e., n= ——. 


Am 
Example : 


A string 50 cms, long and stretched by a weight of 16 kgms, makes 956 
‘vibrations per second. How could the frequency of the note be raised to 384, 
(a) by altering the length of the string, (b) by altering the iris nds 

Gau.—1962 


Ans. When the length is altered, other things remaining constant, we have 
‘from the law of length that n,1, 9 njl,. 

Thus 8181,—256 x 50, whence the altered length 33:5 om. 

Again when the tension is changed, other things remaining constant, the law 

of tension gives 
z 2 1 
we. one EE whence the required tensfon=22'5 kgm. 

52. Determination of Pitch by Sonometer—The pitch of a 
"musical sound (e:g., a tuning fork) may be determined with a sono- 
meter. Take a sonometer board and stretch a metal wire of a suitable 
diameter over it. Tie one end of the wire to the terminal peg and 
‘suspend a weight hanger at the other. Now place the wire over the 
‘sonometer pulley, so that the hanger is freely suspended. Place a load 
of 1 or 2 kilograms on the hanger so as to stretch the wire with 
‘some tension and put two movable bridges under the wire. 


Strike the tuning fork against a padded hammer and place it 
"upon the board. The tuning fork gives out & uniform sound. Now 
‘pluck the sonometer wire in between the bridge and compare the 
itwo sounds. If the no'e of the wire appears more acute than of the 
tuning fork, increase the vibrating segment of the wire by drawing 
apari the bridges In this way adjust the length of the string 
between the two bridges till the string on being plucked at this 
region gives out a note of the same pitch as that of the tuning fork. 
"When the two notes are in unison, a small paper ridér, on being 
Placed upon the string, will be thrown away as soon as the stem of 
‘the vibrating tuning fork is placed on the board, When such a 
‘condition is attained, measure the length of the string between the 
‘two bridges. For the same stretching load of the wire take three 
‘or four readings of the resonant length. Call the mean length | cm. 


+ Now take a sample of wire of tho same specification as the sono- 
‘meter wire. Measure the length of this sample wire accurately by 
taking a number of readings. Suppose that the mean length of this 
‘wire is L om. Then measure the mass of the wire. Let the mass 
‘is recorded from 2 or 3 observations be M gm. Then the mass per 
mnit length m of the wire is M/L gm/cm. Express the stretching 
force in absolute units and call it T dynes. Thus knowing l, m and 


——— É— ——————————— 
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T, the frequency ^ can be determined from equ. (50,1). (For further 
details, vide J. Chatterjee's Intermediate Practical Physics). 


*53. Harmonics in a String—When a string vibrates in on 
segment (Fig. 59, D there are two noles at the fixed ends and an 
antinode at the middle. 
This is the simplest type 
of vibration of the string 
and its frequency is 
given by equ. (50, 1). The 
sound emitted by the 
string under this condi- 
tion is called the funda- 
matal tone or the first 
harmonic. 

When the string under some stretching load is held softly at its 
middle point and bowed, it vibrates into equal segments and emits a 
more acute sound. There are now threa nodes present in the string, 
—two at the ends and one at the middle (Fig. 59, II. If the length 
of the string be J, it is obvious that J=4. Hence from equ. (50, I) 
it follows that ; 


Fig. 59—Harmonios in String 


m d m 

where ng is the frequency of this note. The frequency ma is double 
that of fundamental » and is called its second harmonie. In the 
standarl musical scale, this doubling of a frequency is known £8 a 
higher octave of a scale. 


If the string is similarly held at one-third of its length and if 
its shorter segment is bowed, it vibrates into three segments of equal 
length (Fig. 59, III). A still more accute sound is audible at this 
stags. Here J=34, whence ns is three times the fundamental tone 
and is called its third harmonic. In this way a particular wire may 
be mide to vibrate into any number of segments and emit its higher 
harmonics, 

Under the circumstances stated above, the frequencies of the 
harmonics are multiples of the frequency of the fundamental. When 
the string is bowed at random, it vibrates into segments which are 
not very regular and the frequencies of the higher tones are not 
always exact multiples of that of the fundamental. These higher 
iones are known as overtones or upper partials. 


EXERCISES ON CHAPTAR VI 


Reference 
1, Two similar wires of equal length are stretched weights Art. 49 
of 4 Ibs, and 9 Ibs. Compare the frequencies of the notes emitted 
by the wires, when they are vibrating transversely. 
4ns 2:3, 3 
2, A stretched wire under a tension of 1 kgm. weight is in Art. 49 


anison with a tuning fork of frequency 320. What alteration in 
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Reference 


Art, 49 


Art, 49 


Art. 50 


Art. 50 


Art. 50 


Art. 50 
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tension would make the wire vibrate in unison with a fork of 
frequency 256 ? [B. H. U.—1971} 


Ans, 0'36 kgm. 


3. If one tuning foik is in unison with 128 om, ofa 
tensioned wire and another with 180 om. of the same wire 
tensioned doubly, calculate the frequency of the first fork, if 
that of the second is 250. [Utk. U.—1969] 


Ans. 752 per sec. 


4. You are required to find the relation between the 
tension of a stretched string and the frequency of a note which 
it emits when plucked or bowed, Explain in detail how you 
would proceed. 

In one such experiment the following results were obtained ;— 
frequency+++260 320 80 480 520 
tension ...1°69 746 3'61 5'6 6'76 Ib. 
Plot a graph to show in tho olearest possible manner. 
the relation between the frequency and tension. State 
in words the conclusion to be drawn form results. 

[Dac. U.—1961] 


5, Describe how you would prove that the frequenoy of 
transverse vibration of a string is proportional to the square root 
of the stretching force. [U. P. B.—1966} 


6. Upon what factors does the vibration frequency of a 
stretched string depend ? 

(Cf. Poo. U.—1960; E. P. U.—1953; Raj. U.—1903, '73] 

7. Oaleulate the pitch of fnndamental note of a string 25 


oms, in length and of mass ‘003 gm. per cm., the pmo 
weight being 3 kilograms. [Utk. U.—1959) 


Ans. 636 per sec. 


8. A steel wire of length 60 cm. and diameter 8'5 mm. 
emits a note of 240 vibrations per seo., when stretched with à 
certain weight. A second steel wire bears the same weight but 
is of length 40 om. and diameter 06 mm. Find the frequency 
of its fundamental tone. 


Ans. 800 per sec, 
9. On increasing the weight of stretching on given string 


by 25 kilograms, the frequency is altered in the ratio 3:2. 
Find the original stretching weight, [U. P. B.—1971] 


Ans. 9 kg. 
10. A sitar wire is 80 cm. long and it emits a note of 288 


vibrations per second, How far from the top may it be pressed, 
so that it may emit a note of 912 vibrations per second? 


Ans, 6'2 om, 


11. What is the fundamental trequenoy of transverse vibration 
of a steel wire, Imm. in diameter and 1 metre in length, hanging 
vertically from a rigid support with a mass of 20 kilograms atta- 
ched to its lower end? (Density of steel—7 9 gm./oc.) 

(Utk. U.—1967) 
Ans. 85°5 per sec. 


12, "Two tuning forks when sounded together give 4 beats 
per second, One is in unison with a length of 26 om. of a 
Sonometcr wire under constant tension, and the other with 
97 cm. of the same wire. Find the frequencies of the forks. 
(Raj. U.—1965, Bom. U.—1969) 
Ans. 388 per seo. and 384 per sec. 
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13, When will be the frequency of the note emitted by a wire, Art. 50 


50 om. in length, when stretched by a weight 25 kilograms, if 2 
metres of the wire be found to weigh 479 grams ? 


Ans. 890 per sec. 

14. Two steel wires of tho same length emit their fundamental Art, 50 
notes, when stretched by 729 gm. and 394 gm ‘The ratio between 
the frequencies produced is 1:2. Find the ratio between the 
diameters of the two wires. 


Ans, 351. 
15. State the laws of fundamental vibration of stretched Arta, 
string. U. P. B.—1962; Gau. U.—1959 , And. U. 1970; 50 & 51 
V. U.—1952, Bom. U.—1961, Of. B. H. U.—1971) 
16. State the laws of transverse vibration of a stretched string Art. 51 


and describe experiments to verify them. 
(Utk, U.—1959, 73, Bom. U.—1964, O. U.—1950, '64, 


Del, U.—1951, ^63, Pat. U.—1973, V. U.—1954, Gnj. 
U. —1955, '66, B. H. U.—1951, 59, U. P. B.—1960, '63) 

17. A sonometer wire is ‘stretched with a certain force. If Art. 50 
the force is increased 4 times and the length of the wire is reduced 


to half its original value, how is the frequenoy of the note altered ? 
(Bom, U.—1971) 


Ans. Increased 4 times. 
18. Describe some acourate method of determining the fre- Art. 52 


quency of the note emitted from a given source. 
(Del. U.—1960, '64 ; U. P. B —1953, '63, ’75) 


Art, 62 


19. How do you determine the pitch of a musical note, with 
a sonometer ? (Mys. U. —1951, "72, And. U.—1960, '73, 
Bom. U.—1961, V. U.—1953, Nag. U.—1972, 
Dao. U.—1961, *63) 
20. What are harmonics? How will you demonstrate their Art. 53 
formation in a sonometer wire? What important part is played 
by them in musical notes ? (U. P. B.—1960 ; Cf. Gau. U.—1965) 
t nodes of a string in Art. 53 


21. The distance between the adjacent 
transverse vibrations is 10 om. By how much should be the 
tension be altered so that this distance is halved ? If it is desired 
to secure the same effect by altering the diameter how should the 


latter be changed ? (V. U.—1962) 
Ans. m=% ; D,=2D,. 


CHAPTER VII 
VIBRATION OF AIR COLUMN 


ation in Closed Pipes—In one class of 
musical instruments (e.g., bugles, clarionets, etc.) the vibration of air 


within the instruments produces the characteristic notes. — For 
sinili de "shall now E the nature of vibration of sir column 


enclosed within a pipe of uniform cross-section. 


54. Stationary Vibr 
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Pipe closed at one end—Sup; ose that there is a uniform pipe 
N closed at one end and open st the other. To 
seb the gir column within it into vibraticn, a 
source of sound (e.g., a tuning fork). is placed 
near its open end. When the cource of sound 
vibrates in front of the open end of a pipe, 
it sends forth within the pipe alternate com- 
pressions and rarefactions. These waves travel 
through the pipe and strike the closed end, 
whence they are reflected back towards the 
open end. As they reach the Open end, they 
meet with the freshly generated incoming waver. 
Thus the two systems give rise to stationary 
waves and the whole column is thrown into a 
forced vibration with a frequency equalling 
that of the tuning fork, when the source of 
scund is of such a frequency tkat the air 
column is thrown into resonance, tke nodes 
and antincdes of the stationary waves occupy 
fixed positions within the pipe. The air at the 
Fig. 60 open end of the pipe is free to move inwards 
and cutwards with the maximum possible freedom. An asntinode 
is, therefore, produced at this end. On the other hand, the layer of 
air in contact with the closed end cannot move freely, since the latter 
acts like a rigid wall. For this reason, a mode is formed at a 
closed end. 


Fundamental of a clored pipe— The simplest case of resonance 
in a pipe occurs when an antinode A is formed at the open end ard 
a node N at the closed end (Fig. 602). The air has got the maximum 
amplitude of vibration at the open end, gradually diminishing to 
no vibration at the closed end. The pulsa- 
tions of the air column can be well compared RXALIZIRIIRATRLAIA 
to those of a spiral spring of the same length 5 
as that of the pipe, and having one terminal ^ 
attached to the fixed end, the other being fi E 
free (Fig. 61). On producing slow oscillations 
at the free end of tke spring, this end is Fig. 61 
found to vibrate with the meximum amplitude. Tke emplitude gets 


gradually smaller in the successive coils, till at the fixed end it 
becomes zero, 


1f 7 be the length of’ the pipe, it is clear that the distance 
between a rode and the next antinode of the stationary sir waves 
formed within the pipe is 7, Now the distance between any two 
adjacent node and antinode is a quarter of the wave-length. Therfore 


nod . i 

l= T Where A stands for the wave-length of the constituent wave. 

| But since V= na and 1741, it follows REUE 
hir i iade ER iia z.. (541) 


N 


-—————----— 
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The note, having a frequency equal to the velocity of propagation 
divided by four times the length of the air column, is called the 
fundamental or first harmonic of the closed pipe, When a sounding 
source having a frequency equal to the fundamental frequency of the 
pipe is placed at the open end, the sound is much intensified due io. 
resonance. - 

Harmonies in a Closed pipe—The ‘next possible case of a 
stationary vibration in a closed pipe is that in which there are two 
antinodes and two nodes alternately placed along the pipe as shown: 
in Fig. 60(b) In this case the wave-length of the stationary waves 
is smaller. Call it As, and the corresponding frequency of the note ns. 
The sprirg can also exhibit such a state of vibration, when the 
oscillations are suitably timed. It is seen from .Fig. 60(b) that tke 
length of the pipe J is three-fourths of the wave-length 2a ; 


$0 Às =i. But since V=g/, and age el we get 


3v 4 
- sgm ue E ste (84,8 
Ts 4l ( o) 

The note corresponding to n, has a frequency three tómes that of 
the furdamental and;is thus the third harmonic. When the closed 
pipe is blown more strongly this note is emitted. 

Fig. 60(c) represents the next stage of the vibration, in which 
the pipe contains three nodes and three antinodes, evenly placed along 
its length. If Ag is the wave-length corresponding to this vibration, 


then A. m so that 
n, = OY en. P Ai Pete eos O1 


The note corresponding to ms has frequency five times that of the 
fundamental and is thus the fifth harmonic. Such s note is emitted 
by the jipe, when it is blown still more strongly. erm 

Proceeding in this’ way; it can -bè shown that & pipe closed at 
one end can emit a succession of tones of higher harmonics ( along 
with the fundamental) of the following frequencies :— 

n, 9n, 5n, "n, etc. 

It is to be noted that only odd harmonics are qreseni in the 
vibrations of a closed pipe. 

If an organ pipe is taken with a moy 
one end, the note emitted by the pipe 
the plunger is slowly pushed inwards, 
piston is pulled outwards. 3 


able plunger or a piston, at. 
js found to rise in pitch, as 
and to fall in pitch as the 


Examples ; 


1. What will be the length ofa closed pipe, if the lo 
of 266 at 20°0? (Velocity of sound at 070—393 ‘metres per 


Ans. ty of sound at 0°O is 882 m/sec. 
b ron ple J00 is 892 (1--*00188.20) 0. [260; 7944*& 4m J éecs. 


ihe lowest note has a frequency” 
sèc.) [E.P.U.—1963]. 
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It "He length att the closed pipe be 7, and if we assume no end-correction, 
31415 ap 

Voir F Murus S ETT dA 836 m.=33'6 cm, 

2. A closed pipe has a frequency of 230. Find the change of frequency, if the 
air inside the pipe is replaced by carbon dioxide. (Velocity of sound in air is 850 
metres per second, and in carbon dioxide 273 metres per second). (And. U. 1952] 

‘Ans. Let the length of the closed pipe be | cm. Then the velocity of sound V 
is given by 4n!, where n is the frequency. Now. for air V 2 85000 cm./sec, and 
47:950 per sec. : 

Hence 250x%2x 4=85000, whence 7=85 om. 

For carbon dioxide V =27300 cm. per sec. 

Henco 2X 4X 35=27800 whence 5-195 per sec. 

Thus the change in frequency =(250—195)=55 por sec, 

55. Pipe open at the ends—When a source 
of sound vibrates in front of an open pipe, it 
generates a series of alternate compressions and 
rarefactions within the pipe. These pulses, as 
they reach the open and, come ba:k as a 
reflected system; the reflected pulses. meeting 
the open end, come back as a direct pulses 
give rise to the stationary waves. As the 
ends haye free communication with the out- 
side air, a layer of air at these regions can 
vibrate with the utmost- freedom. . When air 
within the open pipe vibrates in resonance, 
antinodes are always formed at the open ends. 

Fundamenta! of an Open Pipe—As there 
are antinodes at the end of the pipe in & 
stationary vibration, the simplest kind must have 
a node at its middle. This condition is graphically 
represented in Fig. 62(a). 

The nature of vibration of the air volume in an open pipe can 
be- compared to that of a spring having the same length as that 
of the pipe but fixed at the middle part (Fig. 63). In this case 
oscillations must be generated simultaneously at both ends of the 
spring. It is evident. from Fig. 62(a) that if | be the length of pipe, 


xà where 4 is the wave-length of fundamental tone. 


Thus min me n s (55,1) 


It may be noted that the frequency of the fundamental of an open 
pipe is twice that of the fuudamental ina 
closed pipe of the same length. Hence the ETE 
tone in the former is more acute than the a N A 
latter. Ifan open pipe while producing a nobo em 
is suddenly closed by hand or otherwise, the =——————-—_> 
note changes to a less sharp one ; 4e., its pitch Fig. 68 
decreases, The effective length of the pipe s 
here may be altered by including a metal plate across the open end. 
The pitch also-may be slightly altered sliding a plate across the open end. 
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‘Harmonies in an Open Pipe—The next possible case of vibration 
in open pipe is shown in Fig. 62(b) in which the length of the pipe 
contains three antinodes. The length of the pipe then corresponds to 
one wave-length. This means that |9 1. Aecordingly, 


mo LT =2n. Pe to (653) 
Hence the next higher tone is the sccond karmonic and stands an 


ociave to the fundamental. 
The next higher harmonic is given out when stationary vibrations. 


are represented as in Fig. 62(c), i8., when 12345. In that case, 


PES mE MNT we (55,8) 


Hvidently this is the third harmonic. Proceeding in this way, it can 
be shown that the open pipe can emit notes of frequencies m, 2n, Bn, 


Thus when air vibrates in an open pipe, all the harmonics may be 
present. An open pipe is for this rearon more suitable for making 


organ pipes and other wind intruments. 


;Examples : 


1. The pitch of the fundamental note of an open organ pipe, 100 om. longs, 
is the same as that of a sonometer wire 200 om. long and of mass one gram per 


om, Find the tension of the wire. (Velocity of sound in air=882 metres por 
Bee.) [Pat. U.—1953] 


Ans, For an open pipe of length | cm, the pitch of the fundamental note if 
given by f 


Y 
(n Y.-99200, 166 which is the fundamental of the given pipe: 


2} ^ 300 
This froquency is the same as that of a sonometer wire of length 200 cm. and 
he formula, we find that if 


of mass of 1 gm. per unit length ilising t 
the tension be T Fiere ength. Hence utilising 


T = ; 
ixx V 1 =166, whence T=(166 x 400)? = 440896% 10* dynes. 


2. Open at both ends, an organ pipe 2 ft. 6 ini long, produces 5 beats per 
second with a similar pipe slightly short in length and the same number of beats 
with tuning fork at 0°O. Calenlate the number of beats produced by the shorter 
pipe with the tuning fork at 22°0, (Velocity of sound at 0°O la 1100 ft, per 


S60, and at 23°0 is 1144 ft. per seo). hig 
Ans. For an open organ pipe of length 7 and for a yelocity of sound v, the 


frequency n ot me fundamental note is given by 
- 1100 "i 
na = = a 
3 ae Pore 440 per sec. at 0 0. 
he general formula Qnl=V shows that a slightly shorter open organ pipe would 
Eu a slightly higher frequéncy. If further 5 beats are produced when the two 
gean pipes are sounded together, the slightly shorter organ pipe must have a 
fa, 440+5 or 445 per second. Since the tuning fork prodoes 5 beats with 
Lae pipe, it has a froquenoy of either 495 or 445 per second. 
‘alt he length of the shorter pipe at 0°C is 1100/890 ft. Neglecting the slight 
oo ^ inui 29"0, the fundamental frequency at this temperature is clearly 
S ; 
9 ois vib,/seo,=463 vibrations per second (nearly). |. 
j Thus with a shorter. pl e 1 k frequency 435 
e at 92°C and with a tuning fork frequency SY) Or 
TA 445 tho number of bonis heard is eithor 468—495, ie, 98 por sec oF else 
3-445, ie, 18 sec, y i 7 Tlie ey 


Pt. I/S—6 


TAS 
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-56. Resonance Air Column—A tall glass jar G (Fig. 64) is 
: y nearly filled with water, A glass tube T open at 
both ends is partly dipped into water and is kept 
vertical by a suitable clamp O. The surface of water 
standing within the glass tube forms the closed end. 
Since the tube can be fixed with any length 
exposed, itis an arrangement for a closed pipe of 
adjustable longth. 

Experiment—Hold the pipe with a very small 

part above water. Strize the tuning fork, whose 
frequency is to be determined, and hold it near the 
upper end of the glass tube, Gradually, increase 
the length of the exposed column till there is 
resonance. Measure the length from the surface of 
water to the open end of the pipe and call it l. At 
this stage, »=V/41, by eqn, (54,1). So knowing the 
value of V, we can determine n. In actual practice, 
a number of readings for J is taken, both when the 
- pipe is gradually raised up and lowered down. 
Fig. 64 Rayleigh, however, made a correction for the 
open end. He worked out mathematically that the antinode is not 
exacily ai the open end, but is at a distance of 0'6 Xr beyond this, 
where * is the radius of the tube. This is known as the end- 
correction, So according to Rayleigb, if.be the actual length of the 
exposed part of the pipe at resonance, the effective length between 
the node andthe antinode.of a stationary wave is 1+0°6 xr. Taking 
the first resonance and making the end correction, the frequency of 
vibration m is, by eqn. (47,1), given by : 


v 

£ SVAREN d 2i 
^T AUF O6 xr) "t ix (66,0 
sag Astha end-correotion. is. rather uncertain it may be eliminated by 
the following «procedure. Raise the tube gradually till a second 
resonance is obtained." Thé. exposed column’ ‘is now three times the 
original length. Tho fundamental of this sir column is one-third’ of 
so, that the next higher (odd) harmonic is 3m. The fundamental of 
the tuning fork is then resonant with the first odd harmonic of the 

air column. 


_ Tf the lengths of the air column in the two cases be 7 and v and 
if the” ënd-correction ‘be. d.' then Ae4(L--z) and 8474 +2), 
whence on elimination of & we gèt A —9(1 — 1). 

As — V-nà, we find m=V/A=V/2('-1) ... (66,2) 


"The value of m on being known, that of V can be calculated... It 
is important to note here that) the value obtained gives the velocity 
of sound in moist! air above the water column at the temperature of 
the laboratory. To get the velocity in dry air at 0°C, the value so 
ined Should be corrected’ fot“ temperature- amd. ‘humidity. » (For 
etails vide J. Chatterjee’s Intermediate Practical Phitjsics,) 


Bide i 
>> 


ed 
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The mechanism, by which the intensity of a sound increases when 
aiv resonates in a pipe open at one ,end, can be explained in the 
following mannar : Imagiae a tuning fork of period T to be vibrating in 
front of the pipe (Fig. 64). At any instant in course of its vibration, 
when a prong moves from B towards O, it is just sending forth a 
pulsə of com ression, which travels down the length of the pipe. As 
a pulse of compression ii reflects at the closed end E and travels 
upwards. When the pulse comes back to the end D it is again 
reflected at the end E without changing its nature and travels towards 
D. As it finally reaches D, it is transformed into a pulse of com- 
pcessioa. Hence starting along DE, a wave of compression at D becomes 
32 wave of compression at the same place after travelling four times 
the length DE. If V be the velocity of sound within the tube and Z 
bs the distance DH, the time to move through the distance 4% is 
4l/V. If during this time the prong moves from B to O, C to A and 
back to B, i.e., if it executes one complete vibration, it is just 
producing another pulse of compression, which will be superposed on 
the previous pulse, so that the amount of compression, will be greater 
now. Therefore, as the fork vibrates, the magnitude of condensation 
(and hence the extent of oscillation of the layer at the mouth of the 
pips) is gradually increased. The loudness of the sound being dependent 
on the amplitude of vibration, it will thus be magnified enormously. 


Hence qu EL. or nad since aT. So V 7 4nl. 


4l 


Example ; : 

Sounded over a resonance tube, a tuning fork shows resonance with an air 
‘column 24'0 cm. long and again with a column 74'1 om. long. Explain this and 
calculate the frequency of the fork and the enüd-correcilon of a tubs, the velocity 
-of sound at the room temperature being 840 metres per second, : 

Ans. A resonance tube is a pipe closed at one end by a liquid level and the 
effective length of the pipe oan be altered. For sucha closed pipe, the vibra- 
fion of the enclosed air column can take up any oid multiple of its frequency 
^^ (such as n, 8n, 57, eto.) where mis given V/4l, V :being the velocity of sound 
and 1 the length oJ the air column within the pipe. .. PS sd 

Now if we take a resonance tube and adjust its effective length so that its 
fandamsnial frequency is » then on exciting a number of tuning forks of 
éeaquencies n, 3n and 5n, each such fork would resonate with the tube, although 
the effect is less as the harmonics are higher. Again, if we take only one tuning 
fork with a frequency n it would resonate with tho tube of length Z emitting its 
iindamantal tone. If now wə inoreasa the effective length of the tubs till it 

* Gomes to 81 or very near it, the fundam mtal of the tube changes to a frequency 


3» such that 

v 1V ^ 1 
ee eS n e original fundamental frequency). 
exuti rope pis od 
For this length of the pipe the now resonant frequencies are n', Bn’, Bn’, eto. 
‘Now 8n'27. 5o the fork of a frequency n would also actuate the resonance tube 
evhen the length is made very nearly thrice the original. 

If 1=24'0 om, l/=74'1 om. Athe wave-length and #=the end-correctlon, 

A=4(1+2) *4(84-- c) and 94 - 4(1- 9) - (1414-2). 
"Thus 8 x 4(24 4-9) — 4(74'1--), whence »=0'2 om, - : 
«Again 4—9(// —1) =100'2 em. = wave-length of fundemental frequney, 


-Thus ney em Jao. = 8883 ‘m.|sec. js à Spec 


n= 


D 
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- BT. Organ Pipes—Broadly speaking, there are two classes of 
musical instruments working upon the vibration of air column. "These 
are (i) fixed lip instruments and (ii) vibrating reed instruments, 
These haye already been described in Art. 2. 


is Position of Nodes and Antinodes—It has already. been stated 
that the air is unable to vibrate at the closed end of a pire, so that 
a node is always jormed at this region. But at the end itself the 
air will suffer considerable compression and rarefaction due to forward 
or backward movements of air in its vicinity and so here the variation 
of pressure would be the greatest. 

Again, at the open end the air is free to move and a slight 
variation of pressure, would cause considerable movement of air which 
is, therefore, not affected by pressure ; thus the variation of pressure 
ab the open end. would be very small. Hence, in general, where the 

_ displacement is maximum, the variation in pressure is minimum and 
vice versa. The positions of the nodes and antinodes ina vibrating 
air column, as in an open organ pipe, were demonstrated by Koenig 
in the following way. 

A wooded organ pipe is taken, one side of which is replaced bya 
glass plate. A light pan is suspended by a long string, on which 
a little sand is sprinkled. The organ pipe is held ina vertical position 
With its mouth downward and is sounded. The pan with tbe sand is 
now slowly lowered into the pipe. When the pan is at a position 
where the air vibrates, the motion of air is communicated to the pan. 
Dae thereto the sand particles are seen to the dance on the pan. 
Tt. is found that at certain positions, the sand particles remain 
Practically motionless. Such places are nodes. At certain others, 
they dance with maximum vigour and the rattling sound caused by 

_ the collision of the sand particles with the membrance can be distinctly 

Such places are antinodes, 


The variation of pressure in a gas due to sound waves can be 
demonstrated by the manometric flame method; also due to Koenig. 
The “apparatus consists of a stretched elastic thin rubber membrane 
B dividing & chamber into two compartments (Fig. 65). One of these 
may be connected to the speaking the tube T, while the other forms 
a reservoir for coal gas ard is connected to two narrow rires. 

kab sr Hither of these pipes C acts as the 
inlet for gas, while the other D 
terminates in a pin-hole burner. By 
turning the tap attached to C, the 
préssure of the gas can be so ad- 
justed that the flame F becomes 
very. sensitive 1o. slight alteration 
i me of pressure. At this stage-a slight 
rise of pressure will increase the height of the flame to a marked extent, 
while if the pressure falls very slightly, the flame is extremely small. 
To show nodes and loops of an organ pipe, holes are bored at 


Pe eed m the body of the pipe and a manometric flame. is 


* 


Fig. 65 


—— 
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If now a sound is produced in the organ pipe, the membrane will 
be seb into a periodic vibration in proportion to the amount of 
pressure falling upon it. This membrane in its turn communicates 
the samo changes of pressure to the other chamber, which produces a 
corresponding fluctuation in the flow of the gas to the burner. 
Consequently, the flame is caused to jump up or down to an extent 
proporeional to the pressure of the sound waves falling upon the 
diaphragm at any ins’ant. The frequency of these jumps is equal 
to that of the wave. The manometric flame flickers most at the nede 
but scarcely at an antinode, Since the variation of pressure at the 
node is very rapid, not all the jumps of the flame can be visualised 
by the naked eye. Only some sort of flickering may be observed. 
Proviled with plane mirrors on its four sides, a rectangular box is 
rotated about a vertical axis in front df the flame. Successive stages 
of the flame are then seen reflected in the mirrors (Fig. 66). 


rr: 
mmm 
Mibi uA t 
dudulubudulul ui Rd 


Fig. 6T 


Fig. 66 
Figura 67 is an enlarged view of the flame dancivg in the revolving 


mirrors, when differant sounds are produced before the collecting 
funnel, The uppermost one (Fig. (67, 1) resembles a straight and 
uniform band of” light, Obviously the flame is steady and no 
sound has baen produced before the fuhnel. Figure (67, 2) is that of 
tha flam», when a tuning fork is souoded. Figure (67, 3) represents 
the type of the flane when another tuoing fork having double the 
freyuency is placed before the collector. Not that the teefh of flame 
are exactly half of thos2 in figure (67, 2). The next figure (67, 4) is 
due to the two forks being simultaneously sounded. Figure (67, 5) is . 
obtained, when tha vowel O is uttered along with the note of the 
tuning fork used in figure (67, 3). Thus from a study of the forms 
ot the flam» reflected in a rotating mirror, the pressure variation in air 
can b» detested. Nowadays an oscilloscope with a microphone is used. 
Various types of sound curves are formed, which may be examined. . 


58. Quality of Musical Note—As already stated, the quality 
of a musical note is that property which distinguishes a note produced 
by one instrument from a note having the same pitch and intensity 


a 


but produced by ano 


by presenting it successively to a series 


It is found that any 
tors and that the 
resonators ; the series 
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ther instrument. A 


the maximum resonance. From this 


Physiological Effect of 


» vary in number ay, 


CHAP.. Vig 


observations regarding the effect of overtones on the sweetness of 


first. few relatively feebler harmonies vot exceeding the sixth, js very 
On the other'hand, a harsh a 


bas got: harmonics hi 
intense, 


= 


Placed upon a hollo 
ration of the box. 
of the note ; 


igher than the sixth which a 


Also the m 


fuller note which js cue to the- 


but its shape governs the quali 
organ pires of different materials and gk eres Lut of 
emits quite distinguishable notes, althcu; h tkey are of seme pitch, 


Detection of Overtones— A Series of Ieronalors, bavirg natura 
i Crder, is arrar ged cn a table, 


the. resonatcrg c 


dimensions, Thus the overtones pretent 


59. Projection of the Displece me 


. known as the phone 
* consists of a conic 


€cmposite note, 


an Le dete 
jn tke rote 


nd metallic sound 


te relatively more 


(xeilaticn of the sounding: 
with the yoint of quill 
* with a padded hammer it 


aterial ard shape 


tbe quality of note. Thus: 
sounded in air, a tunirg fork cmits a S'mpl 


e tone, Lut whem 


aie marked. The 
mined from their 
cen ke detected, 


ni Curvc—For the demons- 


musical notes or speec 


hes, an apj aratus, 


constructed by Miller, is used 


holder across the narrow end of the horn, One end of a thread (or: 
the centre of the diaphragm. 


of a fine Platinum w 
The thread is coiled 
attached to a spring 


S. The Pulley is mounted on 


9 small pulle: 


y P and ig finally- 


a spindle, abouts 
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which ib can rotate almost without friction. A very light and small 
mirror M is rigidly fixed 
io the spindle- A thin 
pencil of ligat from B 
passes through the convex 
lens L. On being reflected 
from the mirror M, ib is 
made to converge on a Fig. 68.—Miller's Phonedeik 
sensitized film F, which ean 

bə drawn continuoasly in one direction by a clock-work arrangement. 


Whenever a sound is made near the mouth-piece Œ, the waves 
move towards the narrower end and finally impinge upon the 
diaphragm. So the waves produced by the sound geb more and more 
intensified. The motion of the diaphragm is communicated by the 
silk thread to the pulley which is made to oscil’ate either way 
through a small range proportional to the displacement of the. 
diaphragm. Being rigidly connected to the spindle, the mirror 
makes & movement similar to the pulleys. A spot of light reflected 
from the mirror on the photographic film, furtker magnifies the 
oscillations of the mirror. 


When no sound is made near O, the mirror is steady and on 
moving the film a straight bind of light is observed. But wken a 
source of sound is placed before it, the morror moves sideways with 
the frequency of the waves and the spot of light makes a periodic 
curve on a moving. film. Figure 69 shows the nature of a sound 
curve on a moving film. For the recording of sounds there are also 


Fig. 69—A Sound curve on a film 
other mechanical and electrical devices ; but this method is considered 
to Le the most efficient, because by this optical arrangement the 
movement of the diaphragm is magnified about 2500 times and gives 
afilm record about 23 inches wide. 


EXERCISES ON CHAPTER VII 


h 1, Describe, with a diagram, ji pore organ I and explain Arts, 
ow stati formed when it is exo: 
eee waver AS CREG Gau. U.—1965, Pat. U.—1971) 

2. The pitch of the fundamental note of an open organ pipe, Art. 55 
63 om. long, is the same as that of a stretched wire, 90 om. long 
vibrating transversely. If the mass of the wire be 01 gm. per 
em, find the tension of the wire. Velocity ef sound in air 980 
meters/seo.) i (P. U.—1471) 


Ans, 107 dynes, 


Reference 
Art. 55 


Art, 55 


Art, 54 


1 
c Arts. 
54 & 55 


Art, 55 
Art. 56 


Art. 56 


` that will 


„close pipe. 


“at 15°O, 
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3. Discuss the formation of nodes and loops in an open 
organ pipe. What should ba the length of such a pipe to produce 
a fundamental note of frequency 256, of the Velocity of the sound 
in air b3 1,130 ft, per seo. ? 

(U. P. B.— 1968 ; Dac. U.—1961 ; All U.—1965) 

Ans. 221 ft, 


4, Two open organ pipes of lengths 50 om. and 505 cm, 
Produce 8 beats por Second, Oaloulate the velocity of sound in air, 
: j (P,U,—1971) 

Ans, 880 m./seo, 


5. The frequency of the fundamental 
Pipe is 198 o. P. 8. What are frequencies 
Overtones ? z 

Ans. 156, 884, 519, 


6. You are to prepare an open organ Pipe, having its funda- 
mental frequency 240, What is the length of the Pipe so prepared » 
(Velocity of sound in alr at N.T,P, --330 metres/sec.) (P. U —1962) 

Ans. 6875 om, 


7. If the velocity of sound in alr at O°C is 832 metres per 
Second, find the short 


of an open organ 
of their first threo 
(Gau. U.—1961) 


"- Mitos a M 
Ttt t a 


8. Describe the Modes of vibration of the air colomn ina ~ 
(Dac. U.—1963 ; Utk. U.—1962 ; And. U.—1970 
Cf. Gau. U.— 1963 ; Del, H. 8. 1979) 


9. Describe the Possible modes of vibration of air column 
in a olosed and open organ pipes. Show that the frequencies of 
Overtones are related to that of the fundamental note. 

(P. U.—1971; U. P, B.—1961 ; Del U.—1972; 
R. P. B.—1971; And U, 1964. ) 


10, The freqnency of the note given by an organ pipe is 312 

At what temperature will the frequency bs 320 suppos- 

ing the pipe to remain unchanged in length ? (All. U.—1963) 
Ans, 29'6°O, 


1l. Explain how the Pitch of a note emitted by an organ 
Pipe, closed at one end. and open at the other, varies with the 
length of the Pipe. Find also the frequencies of harmonics given 
by such a Pipe, when that of fundamental is 255 vibrations per 


` Beo, (U. P. B.—1974) 


Ans. . Any odd multiple of 256, 
12, Explain the formation of nodes and antinodes in closed 
pipe. How would you detect them experimentally, . 
(Del. U.—1969 ; P. U.—1966) 


(Dac, U —1966. '68; P, U.—1968 ; 
Anna, U,—1970 ; Pat. U —1971, *58; And. U,—1971) 


measured by the resonance of an air column. 
What is the state of air in an open pipe when the first harmonio 
is produced in it? 
15. Describa an accurate laboratory method of determining 
the velocity of sound in air, Deduce the formula used, 
(Bom, U.—1960 ; E, P. U.— 1963, 183; Del. U.—1978) 


| 
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] | ; Reference 


16. A fork of frequency 950 is held-over a tube and maxi- Art. 56 
mum resonance is obtained when the colamn of air is 31 cm. 
~ or 97 om. long. Determine the end-correction and the velocity 


7 of sound. (U. P. B —1962) x 
Ans. 9 oms.; 980 m./sec. . 
17. The second overtone of a pipe closed at one end, has Arts, 
“the same frequency as the third overtone of a pipe open at both 54 & 55 
ends, 
Neglecting end effects, compare the lengths of the pipes. x- 
x (Gau. U,—1968) 
Ans. 5:8. 
18, Explain the resonance air column and describe how you Art. 66 


will use it for finding the velocity of sound in air. 
(Dac, U.—1961 ; Del. H. 8.—1958, '69, '71; 
Del, U.—1960, "71; P. U.—1966) 
19. How can the existance of modes and antinodes in a Art. 55 
Sounding organ pipe be demonstrated, 5 


An open organ pipe emits its fundamental note, Find its 
length, if the velocity of sound in air is 880 metros per sec. and 
it vibrates in unison with a violin string of length 8°38 cm. under a 
stretching force ot 789x10? dynes, the mass of the string per 
centimetre 00012 gm. (0. U.—1957) 


Ans. 1'34 metres. 


; CHAPTER VIII 
VIBRATION OF RODS, PLATES AND MEMBRANES 


*60. Longitudinal Vibration of Rods— Wben a rod is firmly 
clamped a5 its middle point and is rubbed length-sise with a piece 
of linen or soft resined leather, it oe 
. gives out. & shril note. This is ne eee (a) 
~ dueto the longitudinal stationary 
| Vibration of the rod. The rod eerie AT CN OK 
1s alternately elongated and com- ee) (b) 
pressed in its course of vibration, 

Producing nodes and. antinodes cn SBA A AN ALD 56 


at a number of points within its 
body. Fig. 70 


The free ends of the rod have got the maximum vibration and 
‘are always the seats of antinodes. The middle part, being clamped, 
is fixed and has goth a nole. Therefore the simplest possible vibration 
occurs when there are two antinodes at the ends together with a 
node at the middle, The wave-length of the compressional wave 
within the material of the rod is consequently equal to twice the 
length of the rod. So the entire length of the rod is equal to half 
tha wave-length of the disturbance travelling through it (Fig. 70a). 


Se ia. 
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To find the velocity of sound through the rod, the pitch of the 
note emitted by the rod should he determined by comparison with a 
sonometer wire. Let the frequency be n.. 

. Then V=nrA=n x Qi, 

From this V can be experimentally determined. But the pitch of” 
the note is very high. So it is extremely difficult to find its frequency i 
by a method of comparison For determining frequency of vibration 
of the rod there is however, an indirect method, which is as follows, ^ 


We know that Ne | 
V= Nea =n x 9l, 
Pp. 


NIE V ws» (60,1) 
or n TE ( 


where Y stands for the Young’s modulus and P the density of 
the material of the rod. On knowing the Young's modulus of the 
material and the density of the material, and by measuring the 
length of the rod, the frequency of vibration may be found. 

For example, if the rod is brass of length 9 metres, then Yourg's 
modulus of brass. 10 x 1012 dynes/cm* and density is 8/5 £m./e.c. 
Substituting such values in the above equalion, we get, 

m-.l. /10 x10? 
400 8'5 


61. Kundt’s Experiment— To study the velocities of sound in 
different materials Kundt devised an experimental methcd. The 
apparatus, called Kundt’s tube, consists of a metal rod AB (Fig. 71) 
of uniform circular cross-section and of a metre or two in length. 
lt is clamped at the middle and carries a small circular cork or 


cardboard dise D at one end. The dise and small length of the rod are 
- so inserted a few 


centimetres within 

a glass tube ( as 

not to touch its 

wall. The other end 

of the glass tube is 

ý closed by a mov- 

Fig. 71—Kundt’s tube able piston R. The 

whole system is 

firmly clamped on the table, such that during experiment the tube 
may feel no jerk, 

, TO start the experiment tho tube is taken out and is thoroughly 

dried by ve a Current of hot air from `a blower. It is then 


=8'57 x 10° cycles per second. 


ning up to the dise. On now rubbing tke rod 
ned leather, a stationary vibra'ion is 
D vibrates backwards and forwards 
miited. The air inside the glass tube 


By reflection from the piston head R, 


oe 
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stationary waves also are formed. During stationary vibration the 
movement of the air molecules sets the cork powder into violent 
agitation. In order to secure the best possible effect, the point R is 
slowly adjusted, while the rod is being excited by rubbirg. 


Under the steady stationary vibration the powder in the glass 
tube is seen to be violently agitated and thrown away from certain 
regions and collected in heaps at others. At the antinodal regions the 
powder thins out, since the vibrations at those places are maximum. 
At the nodes the powder collects in heaps. Varying with the length 
of the tube between the disc and the piston head, there are in 
general five or six such heaps. The average distance between two 
consecutive heaps is equal to half the wave-length in air. 


Let the mean length of each loop be J, the length of the rod he 
L and the velocities of sound in air and in the rod be V, and V. 
respectively. 
Then. Va=2nl and V,=2nL 4 
Vr_L_ Length of the rod (61, 1) 
Va l Length of the loop Um 2 
Thus the velocity of sound in either air or rod medium being known, 
that in the other can be found. Or, even the frequency of vibration 
of the rod bsing known, Va or Vn can be indirectly determined, 


The experiment also offers a possibility of measuring y which is 
the ratio of the specific heats of a gas. Put the gas inside the 
Kundt's tube at a known pressure P. The method already described 
so as to find the velocity of sound in the gas. Let the velocity be V. 
Then by any method find the density pof the gas at the temperature 
and pressure of experiment. 


pa L 
Then, e or ya (61,2) 


Thus V, P and p being known, ¥ may be determined. 

. To compare the velocities of sound in the gases, fill the gas tube 
With one gas and repeat the experiment as described. Find the 
average distance between the heaps. Call it lı. R peat the experi- 
ment with the other gas and find the length between the heaps in 
it. Denote it by la. : 


Then Vra Dy = by 
a nla Ie 

Vi and Va being the velocities of sound in the two gases respec- 
tively. This ratio gives the desired comyarison. 

Examples : d 

1. A Blass rod, 9°5 feet long, is clamped at the middle, It is set into 
longitudinal vibration. What is the velccity of sound in glass, if the freqency 
is 2690 per second ? 


Ans, Since the rod is clamped at the middle, the free ends of the rod in 
Course of vibration form antinodos. Hence if the desired velocity ke V, then from 


the formula V=2nl we find that 


1259561328) 


V=(2 x 2590 x 2'5) ft.J/aco, — 19950 ft. seo. 


r 
CHAP, vip. | 
3. A rod, 140 omg, long and clamped in the middle, is in resonance with an 4 | 

-air column, 50 oms, long. When the rod is sat into longitudinal Vibrations, the 
powder in the tube arranges itself in a loops. Find the velocity of sound im the | 

tod, the velocity of sound in air being 830 meters per second. [Goj. U.—1985) 
Ans. In a length of 50 oms, of air there aro 5 loops, Hence the length of each 
*1o0p—10 cms. 
Now since the velocity in air is given to be 980 m./seo., we have E 
2n x 10=320, the symbol n carrying the usual significance, i 
38 


or n=— 
3 
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Hence the roquired velocity in tke rod=(2x 7.x 140) m./sec. = (83 x 140) m./seo, 
+4620 m./se0. 


*6?, Transverse Vibration of Rods—Olamp a uniform 10d of | 
ba any material having a rectangu'ar cross-section 
at its lower end in a vertical position (Fig. 72). 
When the rcd is diawn aside and then released, 
it begins to vibrate sideways with the fixed end | 
as a node and the free end as antirode. ‘his 
sort of vibration of the rod at right angles to its 
length is known as the transverse v.bration of 
the rod. The. frequency of such a vibration 
depends upon many factors, viz., the elasticity 
and dens ty of the material, the lergth of the 
bar and the thickness in the plane of vibration. 
Moreover, the bar can Vibrate in varicus seg- 
ments giving out very feeble overtones. These 
tones aie non-harmonic and are not in the ratio 
of exact natural numbers unlike the case with 


in ately 6, so that if a rod vibrating 
of frequency x, the first overtone of 
(approximately 6n) will be feebly present init. Still bigker cv.ttones 


36. Vibration of a Tuning Fork—A tuning fork is a unif om } 
“U-shaped stcel bar of rectargular cross-section with a stem attached | 
‘at the bend. Tke vibration of the two prongs of such a fork can be 
studied by considering the successive stages of vibrations ot a bar 
which is iraduelly bent to its usual shapes. Figure 73,I shows a 
‘straight piece of a bar vibra ing with the two 10des equidistant from 
| the middle, As it is bent Slowly in the midcle, the nodes come 

‘closer together (Fig 73, ILIV) until when it takes ihe usual shape 


I . Ota tuning fork (Fig. 79, V), the nodes are very close to each other 
"ab the bend. 


, The vibration of two Piongs at this stage is analcgous io the 
vibration of two Similar bars clamped a& their lower extremities, 
Althoush the attachment of the stem, as in a turning fork, considera- 
‘bly modifies the problem, tke frequency with which each limb 
Vibrates, obeys the same law as that of a bar clamped at one end, 
viz., that the frequency of the fundamental tone varies inversely 
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as the square of the length and directly as the thickness in the 
plana of vibration. It does not sensibly depend upon the width: 


of the prongs perpendicular to the direc-. V 
tion of vibration. For this reason tuning 


forks of low frequencies are thin and long, i 
while those of high frequencies ars very 
stout and short. The two prongs of the 
fork should be exactly alike. n 
"Since the, hig:i frequency overtone of ^ 
bar, clamped at one end, is extremely 1 A 


feeble, the tore given ow! by a fork, unless 
violently struck, consists entirely of the 1 
maiis eee 


fundamental and is, therefore, the puresi N 
possible one. "The vibration of an ordinary N 
tuning fork is simple harmonic in nature Fig, 73 
and therefore approaches the ideal sine 
a mcderate change 


curve. The frequency is not appreciably affected by ; 
of temperature or the magneti:ation of the steel. For this reason & 


tuning fork is used as & standard of frequency source. 


*64. Vibration of Membranes and Diephragms—The membranes: 
have definite surface aren. The frequency of vibration depends upon the 
shape, the restoring . force, thickness and the density of the 
material of the membrane. The note emitted by the natural vibration 
ofa plate or a membrane is n ical. A stretched circular 


ot musical. - à 
membrane, when loaded at iss centre, produces à partially agrecable- 
note. A familiar example O 


f this is the Indian Tabla. 

From. what has been» stated abova ib may be supposed that s 
diaphragm gives out 8& non-musical sound. But the gramophone 
sound box (Vide Chap. IX) or the modern form of loud-speakers 
(Vide ‘Blectricity’) used in radio oF talkie machines are all 
provided with some sort of diaphragms: the forced vibration of which 


produces music. 


ExEROISE3 ON CHAPTER Vill : 
Reference 


1. Explain fully Kundi's Tube method of finding velocity of . Art, 6l. 
sound in air, (Rai. U.—1970; R. P. B—1911, Del. U—1969; 
And U.—1962 ; Guj U.—1865; P. U.—1963, 67) 

f action of & Art, 6L 


9. Give brify the construction and mode o f 
Kund's Tube. Show how it may b? used to compare the velocity of 
sound ia a gas with that in air, . 
s (Bom. U.—1965 , P. U.—1966) 
8. The distance between consecutive heaps jn a Kundt's Tube Art, SË 
experiment is 19 oms, and the Jongth of the rod is 120 oms.. What 
is the velocity of sound in the material of the rod, the velocity in 
air being 980 metres per second? s 


Ans, 8300 m,/xec. 
erimentally with & Kundt’s Art, 6% 


4, How woald you determine n 
Tube the volocity of sound in (a) solid; (b) sir? (B. P. U.—1970) 


91 INTERMEDIATE PHYSICS CHAP. IX 
Rsference 

Art, 61 b, Describe the working of the Kundt’s Tuba and indicate ite 

various applications. (Nag. U.—1978) 

Art. 61 6. Describe with a neat sketch, some method of measuring 

' velocity of sound in glass rod. (U. P, B.—1970) 

. Art. 61 7. Held in the middle and sót in vibration longitudinally, a 


wooden rod, 1'5 motres long, gives the same note as an open organ 
pipe, 1'3 metres long, Calculate tho velocity of sound in rod, (Vel. 
of sound in air—:30 m.j: ec.) 


Art. 63 8. A glass plate with its Surface smoked is allowed to fall 
freely such that a vibrating tuning fork traces a wavy curve on 
it, It is fonnd that two consecutive groups of 30 waves occupy 
5°88 cm. and 15 68 cm, respectively. If the frequenoy of the fork 
is 300, deduce the value of 9, the acceleration due to gravity, 

Ans: 980 oms,/seo,? 


CHAPTER IX 
ACOUSTICAL TECHNOLOGY 


65. Recording and Reproduction of Sound—The first attempt 
at a mechanical recording of speech and music may be traced back 
as early as 1864 when Sc.tt and Koening invented the Phonautograph. 
Thirteen years later, an improved model, known ‘as Phonograph was 
devised by Edison. This could z;cord as well as reprozuci sound. 
Later on, remarkable improvements in the design of the instrument 
were made by Bell, Tainter "and Berliner. In recent years the 
electro-o; tical method of recording and reproduction has come into 
existence due to the efforts of Rankine, Case and many other scientists. 


Phonograph—The apparatus consists of a metallic ring 8 (Fig. 74), 
which is provided at this lower end with a very thin glass or mica 
diaphragm uniformly stretched in suitable holders. This is called the 
‘sound-box. A sharp metal style is fixed rigidly to the centre of the 
diaphragm. The sharp end of the style touches the surface of & 
cylinder D which can be revolved about its axis by a handle K or 
by a. elock-work arrangement. The cylinder ig mounted upon a screw 
A, whieh gives it a continuou’ lateral motion ag it revolves. In order 
to allow a uniform rotation the drum is Provided ‘with a heavy fly- 
wheel F. For purposes of magnification of sound there is a horn H 
which can be Screwed to the sound-box 8. * 


. Principle of Recording—Tho Source, whose sound is to be recorded i 
18 placed before the horn. The air pulsations, produced. by the source, 
the horn and beiag thus intensified, strike against the 
inphr: The ‘diaphragm is, therefore, thrown into a forced 
vibration which is exactly synchronous with the source. The style 
13 consequently made to mo 76 up and down against the cylinder which 

D with a" sheet Of Bolt “tinfoil or a layer of ‘solid wax, 
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When the cylinder is rotated at a uniform speed, a spiral trace of 
varying depths due to the up-and-down movements of the style is 
engraved on its surface. In this way curves due to sound waves are 
engraved on the cylinder, which we might call the original record. 
Principle of Heproduciion—In order to reproduce the sound, the 
sharp style attached to the sound-box is replaced by a rounded 
sapphire point. On allowing this point to travel a second time over 
the same groove, the diaphragm is made 
to follow the same sequence of vibrations 
and the original sonnd is reproduced in . 
the same order in which it was produced. 


Drawbacks of a  Phonograph—The 
following are, the chief defects of a phono- . 
graph. 

(i) The materials, with which records 
are made, are soft and: consequently the 
impressions made by the engraving style 
rapidly deteriorate, 

lii) ‘Tha groove. through which the 
reproducing pin run, can move the 
diaphragm in one direction only, wie. 
upwards. Tha reverse motion had to be 
reproduced by the elasticity of the dia- 
phragm. Thus it presses somewhat heavily 
upon wax to enable it to follow the rapid 
vibration, 


(iii). The quality of tone in reproduc- 
tion is poor. i 
66. Gramophone—Tue defects, stated above, were largely 


rectified by Berliner by making improvements, on sound-box and 
also making the records in 


the form of flat discs in 
which spiral. grooves are 
cut from the rim to the 
centre. Instead of being 
of varying. depths, these 
grooyes contain small trans- 
versely etched periodic 
curves of varying width, 
representing speech of music 
with approximately uniform 
depth (Fig 75). Thus if a 
needle point is placed in 
the groove, it would oscillate 
sideway, slong with the 
rotation of the record the 
Fig. 76 -Original form of Gramophone movement. being imparted 


by the transverse curves in the groove. | The "original. form of 


Fig 75—Disc Record 
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gramophone is shown in figure 76. The disc record is rotated by 
the handle T. 

The record, on which the first impression is made, is composed of a mixture 
of wax. Then an electroplate of it is made on a metal plate, known as the 
Parent record. The records, that are available in the market, are made of a 
composition of some inert powder with shellac or some similar material as the 
binder, On heating this composition, it assumes a soft state, It is then rolled, 
cut into usual shape and then pressed upon the electroplate. The spiral trace is 
about 4 turns per millimetre, 

The Sound-Boz—The sound box is provided with & rounded needle 
point which slides in the groove of the record (Fig. 77). The needle 
N is rigidly screwed to a lever system L with its fulerum hinged on 
a pair of V's. The other end of tho lever is 
fixed to the centre of the diaphragm. Made 
usually of mica, the diaphragm M, which js. of 
about 4°5 em. to 6.em. in diameter, is mounted 
between rubber rings R; R. called. gaskets and. 
forms the front of a small cylindrical box of 
some metal called the sound-box. ‘This is 
connected to a conical pipe called the tone arm 
which can move freely, on &. vertiosl axis. 
As the record revolves, the tone arm together 
with the sound-box gradually moves to the 
centre of the disc. along the grcove, The 
sound is magnified finally through a horn. 

Fig. 17 Both in recording and reproduction the speed 

8 of the disc is maintained uniform. The various 
accepted speeds of rotation of the records are 78, 45, 33 and 25 
revolutions per minute. The lower speed records are popularly called 
the long playing records. 


The Recording Styte—A sharp metal style is pivoted place of the 
needle. When under the impulse of the 
incoming sound waves the diaphragm 
moves sideways moving the style within 
blank grooves producing zigzag periodic 
curves. 


The gramophone machines used now- 
a-days are provided with folded horns 
. which are fitted within the cabinet or 
box. Figure 78 gives a perspective view 
of the nature of horn. “A” denotes the 
pipe connected to the sound-box. through 
the tone. arm and forms the tapering 
end of the horn. The tube then gradually 
widens and enters into the horn through 
the two openings. It isa compact form 
of a horn, which ‘is folded in the Fig. 78—Folded horn 
peculiar way. . à 
` The modern method of recording is electrical, Instead of haying 
a mechanical sound-box the reproducing machine is sometimes provided 


e 


‘tion at this region is the greatest, when. the 
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with an electrical pick-up which “produces’a modulated induced 
current as the ‘pick up’ runs through the groove. [his feeble 
modulating current finally passes through a loud-speaker, before it 
gets amplified through a combination of radio valves or transistors. 


67. Hot-wire Microphone— This is an apparatus for detecting 
electrically a periouic disturbance in air. It is very sensitive and is 


able to receive both continuous and discontinu- 
. e (SILLA 4 
ous sound waves. For this reason such micro- , LEERI 

s| E 


phones are largely employed tor sound ranging 


purposes. [t esseatislly consists of a fine wire 
of platinum stretched across the mouth of a 
hollow air vessel. The ends of the wire ter- 
minate in binliaz screws S, S and are care- 
fully insulated from the body of the vessel. 


Whenever a series of air waves due to the 


sound from a source falls upon the vessel, 
an antinode is formed at its neck. The vibra- 


air vessel is tuned to the wave frequency. 
Dae to the vibration of air there is a cooling 
of the platinum wire resulting in it» change i 
of resistance. If an electric current is previ- Fig. 79 

ously established in the wire, then with sound waves falling on the 
microphone, there would be periodic variation in current passing 
through the circuit and a galvanometer placed in the circuit would 
be similarly affected. jhe oscillation of the spot of light reflected 
from the mirror of the galvanometer is received on à moving photo- 
graphic film. In order to have a very sensitive reception, the vessel 
should be approximately tuned to the frequency of the incoming 
waves, The principle of such a microphone has been developed 
mainly by Tucker and Paris. 

*68. Sound-Ranging— The location of the hostile guns behind 
trenches became matter of absolute necessity during the Great War 
of 1914-18 and a special device known as Souad-Ranging was adopted 
on war fi-ds. Tne principle upon which this method depends, is 
given below : A 

_ A number of sound-detecting stations, each provided with a hot- 
wie microphone, is selected on a base line at a distance of four 
to five miles from the enemy front line. Usually five or six in number, 
these are separated from each other by a few hundred years. These 
microphones are electrically connected to a central station, where 
the reception of a sound wave in any of these microphones due to a 
gin-fire is automatically recorded on the same photographic film. 
Nearly a mile ahead of the base line there is an observation post, 
from which by ‘turning a switch the electrical connections between 
the central and the detecting stations can be established. 

Whenever the sentry, placed at the observation post, receives. 
any sound of explosion, he puts on the switch with a view to operate 


all the microphones. As the exblosion wave sweeps over the stations 


Pt. 1/S—7 


a 
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in successions, momentary impulses of air fall upon the microphones, 
‘one after the other. Thus a short wavy line corresponding to 
x . S ; each microphone is 
recorded on the 
photographic — film 
which is moved at ~ 
a known constant 
Speed. Since some 
time elapses between 
the receptions of the 
sound at different 
stations, waves are 
traced one behind 
the other at some 
fixed distances on 
the phótograpic film, 
Fig. 80—Sound-Ranging depending on ‘the 
corresponding inter- 
vals. From the rate of motion of the film these intervals can be 
found. Let the interval between receptions at the first station and | 
second be /, and that between the first and the third be ta. Let the T. 
velocity of sound of the explosion be V. | 


The position of the source sound is geometrically located by 
the following construction, Adopting a suitable scale, arrange the - 
system of stations 1, 2, 3, etc., on a piece of paper (Fig 80). . With 
l as centre and Ví, as radius on the same .scale draw a circle. 
Again with 2 as centre and Vt, as radius draw another circle. 
Locate the centre. S of the circle that will pass through O and: touch 

ese two circles. The centre S is the Position of the source. . The 
circle, which: has. been found by trial, evidently represents the wave 
front when the first 
‘Station O has received 
the report. At this 
instant the wave front 
lies at distances of Vt, 
and Vi, from the two 
Stations marked 1 and 
2 respectively, 

69. Velocity of 
Sound from a Pro- 
| — _ Jectile—So long as the 
¿velocity of the sounding 
body is less than that 

of the sound produced, 

othe number of waves 

per second from it 
-Feaching.an observer. 

«Would be governed by —., ^. yr ndi 
the Doppler’s. principle. But jwhen. the projectile is a high speed 
bullet shot out from a rifle, its vilocity exceeds that of sound. At 


» Fig. 81.—Photograph of moving Bullét 
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every point in its path of flight, the bullet generates spheres of 
compression which expand with the veloci: y of sound, while it moves 
faster than the rate at which these spheres are growing. .As a result 
ofthis, it produces.a conical wave front, which at any assigned 
instant lies along the tangent planes of these spheres with the bullet 
at the apex (Fig. 81)... An apparatus for taking photograph of the 
condensation waves in air due to a flying bullet has been designed 
by Prof. R. W.. Wood. A similar type of wave is generated on the 
Surface of water, when a steamship makes its way through a calm 
sea or eyen when a pointed end of a stick is drawn quickly along 
the surface of still water. ; 

Just after the War, a thorough investigation -regarding the 
explosive sounds of shells has been made by Esclangon, Villard 
and others. They hold that there are two distinct types of waves 
associated with an explosion. One has very low frequency. below 
the audible limit and is described by Esclangon infra-sounds or 
infra-sonics ; the other is the ordinary audible sound. Both, these 
waves can be detected by hot-wire microphone. 

*70 Hydrophone—It is an under-water microphone receiver and 
is used for finding the direction of a source of sound in each depth- 
sounding and also for sound-ranging purposes, It. consists of a heavy 
metallic circular ring A to which a.metal diaphragm D is rigidly 
attached. Figure 82. a 
shows a hydrophone 
in cross-section, and 
figure 83 its per- 
Spective view. The 
centre of a metal dia- 
phragm is connected . 
to a movable metal 
plate in a box 
containing carbon 
granules C, the com- 
| bination forming a 
| microphone receiver. 

Wire from a cable 
are connected sepa- ` 
rately to the dia- 
phragm and the 
other end of the box. 
The cable is finally 
ride to a tele- Fig. 82 
phone receiver and i 
the battery of cells in DE 
series. In order to cut % 
off any reception of sound from the back side of the microphone 
box which is provided with a screen called the baffle P (Fig. 83). 

. , When a compressional wave-motion passing through water im- 
pinges normally on the diaphragm, the latter is thrown into a forced 
vibration. Any movement of the diaphragm produces a fluctuation of 
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- resistance of carbon graniles! iin’ the microphone box producing a 
» Corresponding modulation of electrical current througn the telephone 
, Receiver, (Vide VOLTAIC ELECTRICITY). 


- "Thé telephone is applied to the ear of the operator. The hydro- 
Phone is then gradually lowered into’ water by means. of the cable 
attached to it; It is then gradually rotated in all possible directions 
until the maximum sound is heard.’ In this position of the micro- 
phone, the source is'in the direction normal to the diaphragm. The 

' directional property of reception acquired by the hydrophone is due 
to the introduction of the heavy metàl annulus. “When the direction 
of propagation of the waves is such that they normally impinge upon 
the baffle. no sound is heard in the phone. The accounts for its 
nomenclature deaf side. 

‘By means. of iwo or more microphones, commonly called the 
Sentry microphones and placed at a definite distance along the bed of 
the sea, the method of sound-ranging is often emplcyed to detect 
the position of a submarine, the source of sound in this case being 
the rotating propellers of the submarine. Hydrophones are also 
used to locate submerged objects-and icebergs by the ‘process of an 
echo depth-sounding.: x 

|—.71.: Echo Depth-Sounding—The measurement of the depth of 

| thesca “is called" the depth-sounding. From very early ages it has 
been a matter of vital importance to the sailors to measure thc 
depth of water along the course ofthe ship for a safe navigation, 
Formerly this had to be done by lowering a lead line till it touched 
the sza-bed. This process is tedious and requires the speed of the 
Ship to be appreciably slowed down ; moreover, when there is a 
Strong under-current, the chain would not go vertically down and 
involve an error in depth measurement. Forthis reason, various 
improved methods of depth-sounding, based upon the reception of an 
Eo, reflected from the sea-bed, are now-a-days employed. 


In one systéin of measurement the Source of sound, producing a 
CYaryshort train of a high frequency waves, is placed at the baer: of 
: ibemoving Ship at the Tegion S in question (Fig. 84), The train of 

ves travels out in all; directions. in. water, The. hydrophone: is 
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placed in water at the bottom of the ship at S. When any sound is. 
produced, a sound beam travels from S to all directions in water. | A 
“sound beam is reflected from the bottom B of the sea in a direction 
- BA and would actuate the hydrophone. When it has moved to the 
position A let the angle, at which it receives the sound be ¢. If the 
distance between the stern and the keel be x and the depth of the. 
ship’s bottom from the water surface be D, then the depth of water 
D is obtainable from the relation D—C-rix tan $. Specially, when 
thedepth of the sea is large, the propeller of the ship may as well 
be chosen as the source of sound. 


Utilising the echo depth-sounding method, the distance of a 
moving submarine under water can be determined from another ship 
not very far Q 2 $ 
from it. The 
first» proce- 
dure» is sto 
détermine 
the depth of i 
the sea by f BN FE jo Nt 
thedept h- ) $ V on ght ee bany 


sounding 
method. . as 
givenabove. vu Nut eva V 

Suppose the rra ii Done nicus truci Dt č 
sip f d the Fig, '85-Location by Echo Metliód - 

determine the distance R, of the submarine in its front (Fig. 85). 
On being reflected from the sea-bed the sound of the propeller of, the 
submarine is received by the hydrophone of the ship ot an angle 0, 
say. Then from the properties of triangles it can be shown that 
R,—2D cot 0, Th a similar way location of a submarine in any 
other direction is also possible by this method. ; 


n ž72.. Stroboscopic Wheel—In | its simplest form.a stroboscopic 
wheel. consists of a wheel W ; (Fig. 86) 
having a number of equidistant, 
radial and rectangular slots, arranged 
symmetrically on the rim of the wheel 
which can be mechanically driven at 
a known speed. The tuning fork T 
under examination is placed on one 
side of the wheel in.such a way. that 
the plane of vibration-of the prong às: 
parallel.to the plane of the wheel vand 
the longer sideis parallel to the longer)” 
axis of the slots, - The tuning fork is 
run electrically and a strong light is .. 
focussed on the top of the prong 2 : 

facing the slots. The wheel is then’ _ Fi8-86—Stroboscopic Wheel 
gradually set to motion and observation is taken on the prong 
horizontally from the other side of the wheel. E 


102 Š INTERMEDIATE PHYSICS CHAP. 1X 
, When the speed. is so increased that the interval, in which one-slot 
is replaced by the next, |becomes comparable with the period of ‘the 
` fork, the prong seems to be: oscillating slowly. -When the motion is 
Such that interval is made exactly equal to the period of the fork the 
prong would appear to be stationary. 3 n 

_ From the number of slots on the wheel and its rate of revolution, 
the interval between the appearance of the two consecutive slots at the 
same position can be calculated, and hence the frequency of the fork 
can be determind. Rayleigh devised an electrical arrangement for. 
the automatic synchronous movement of such a wheel andit is 
known as the phonic wheel, 


-. T3... Doppler's Principle—If a sounding body is moving relatively 
to an observer, the pitch of the sound is found to be altered. Thus if. a 
locomotive blowing its whistle is moving at a high speed towards;an. 

-Observer, who is either standing by the railway: line or moving in 
another train towards the first, the pitch of the whistle appear to risé 
more and more and then to drop suddenly at the moment when tbe 

locomotive passes him: . The apparent change in the pitch of sound 
as perceived by an observer due to relative motion of the source, the 
observer and ‘also the medium was investigated by Doppler and is 
known as the Doppler’s Effect. 


Let the true frequency of sound emitted by the source be N. Then 
the source emits N waves per second and the interval between any 
two conseCutive--waves.is 1/N. Let the velocities of the sound 
Propagation, the source, the wind and: the, observer be denoted by 

2 ^ €, and v, respectively. Suppose that all are moving in the same 
Hrectian ; (say, from the right to the left, so that the source moves 
towards the observer, the observér moves away from the source and 
the wind is blowing in the direction from the pource to the observer. 


__ Suppose that at any instant a wave starts from the Source. The 
next wave is generated after an interval of I/N sec. The apparent 
velocity of sound is now V-+v,. So during this interval the first 
Wave moves over a distance equal to (V--v,)N." But during the same 
interval the source moves through a distance v/N and emits’ the 
second wave. Hence the distance between the first wave and the 


Second at this instant is (V--v,)/N—», /N. So the wave-lenetli appears 
to be altered to V, b uc) al git appren 


r NR vy NW hy ap iqi 
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. Hence when thefirst wave reaches the Observer, the second wave 
3s just at a distance X from him. As the observer is moving away 
with a velocity vs, the relative velocity between the sound and the 
observer is now V-»,—v»,. Sothe observer will receive the second 
Wave after an interval equal to Y (V--v, =r) second. 


Hence under this condition, the number of waves N’ reachi 
observer per second is given bs N' reaching the 
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«As the pitch of a note depends directly on the frequency of the 
Face Tabove expression shows that the pitch is altered from 
Nto N’. 
«Now consider the following three cases: 
(i) Motion of the observer, the medium and the source being at 
rest—In this case, »=0 and », cn 
"Lc From (72, 2) it follows N 7 AN 2. (03,3) 


.. This shows that the pitch of the note falls as the observer moves 

away from the source. 

“If the observer moves towards the source, "a should be taken 

negative, so that 
pM N'eV t". N, 2 003,4) 

odis y 

which shows that the pitch of the sound appears to, rise as the 
- observer moves towards the source. : 

(ii) Motion of the source, the observer and the medium being at 
rest—Here v, =0 and v4 0. 


From (73, 2) we get Nist. N, es (73,5) 


t 


which indicate a rise in the pitch of the sound. 

If the source moves away from the observer, negative sign is to 
be prefixed to ». In that 

VS N, ws (73, 6) 

which indicates a fall in the pitch of the sound. 

(iii) Motion of the medium—When the medium moves in the 
direction of the observer (the source and the obsérver being fixed), 
in equ. (73, 3) v—0 and v, —0 and so 


s Na 

N wi ur s N; i 2 (73, 7) 
ot N'=N, i.e, there would be no change in pitch. 

The Doppler's Effect was also found in the astronomical observa- 

tions on steller bodies. When the relative velocity between a star 
and the earth is such that the two are approaching, the frequency of 
the particular radiation as given out by the star increases ; when, 
(on the other hand, the two are receding, the frequency diminishes, 
This- affords a means of studying eects scopic whether during 
“any particular period the distance between a star and the earth is 
diminishing or increasing. P wed. nipld > 
- Examples : $ l E. 

] n1. Tne engine of à railway’ fain’ approaching "an observer with a speed of 
600 miles an-nour emits a: wiüstle whicu appears to have freqüency of 501. 
Waat would be tie frequoncy of the note eard when the train is moving 


away from the observer with the same-s ced ? 4 cR 
=1120 ft./sec. ) p ( Velocity of sound in air 
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Ans, Velocity of 60 miles/hour=88 ft./sec. Let the frequency of the whistle 
X. per sec. Waen, therefore, tne engine is approacaing tne observer, then 
120/312 A 
1120-88 - 0l, waen n 461:6. 
W.en the engine is receding froni the observer, let the apparent frequency 
be na per sec. Then 


1120 3 
1120-882 7461/6, whence n, =428, 


2. Two express trains travelling a* 60 miles per hour meet each other, when 
one sounds a wuistle, If the frequency of the note emitted be 800 per second, find 
its apparent frequency to an observer in the other train (a) before the trains meet 
and (5) after they have passed eaca Other. Waat will be tne apparent frequency 
to a s ationary observer near the iine ? (Given that the velocity of sound in air— 
1100 ft./second). 

Ans. The velocity of the source v — 60 miles/hour «88, ft./sec. Let the velocity 
of the observer be v. ft/sec. The frequency (N^) of the source is 80) per sec. As 
there is no motion of the medium, let the apparent frequency as heard by the 
observer be N per sec. Thus, 


(a) when the trains are approaching each other. 


7 ,1100-- v, : ; .,1100-- 88 hadi « 
ibt emm TA N'= Tog g1 X 8007931; 
(b) when tke trains are receding from each other, 
; ,1100—v A ; „1100—88 TT 
N iz, E N’= 11004. 8g (909 —681:5 ; 
(c) when the observer is Stationary and the trains are approaching, 
, 1100+ 88 : 
N's 1100 x 800-5864 ; 
(d) when the observer is stationary and the train is receding, 
1 1100-8 oan 
N 1100 x 800— 736. 


EXERCISES ON CHAPTER IX 
1. Describe a phonograph.and explain its action. 
à SL (And; U.—1961 ; Dac. U.—1962 ; C. U.—1962) 
2. Describe a gramophone.’ How is sound recorded and reproduced ? : 
(B. H. U.—1973, P. U.—1978,'82 ; 
(U. P. B.—1979 ; Nag. U.—1978) 
3. Summarise your knowledge about a gramo hone sound box. 
: TTE TN. (U. P. B.—1984) 
4. Describe with a sectioral diagram an apparatus for receiving sound in water. 
5. How can the depth of the sea be measured by acoustical method ? 
; (Del. U —1982) 
6. Describe a Stroboscopic Wheel. How can the frequency of a tuning fork 
‘be determi ed with it? (Raj. U.—1983) 
7. Explain how the pitch of a note is affected by the motion of the source and 
the observer, (Nag. U.—1980 ; R.P.B.—1979) 
8. What is Doppler's Principle ? Explain it. 


(W.B.S.B.—1981, '83 ; Nag, U.—1962) 


